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Abstract
Cats apparently have a high requirement for dietary protein compared to omnivores 
and herbivores. This was attributed to metabolic inflexibility, due to the inability of 
the hepatic ureagenic, catabolic and gluconeogenic enzymes to adapt to protein intake. 
Other animals adapt to dietary protein by a variety of mechanisms including changes 
in ureagenesis, amino acid oxidation (hereafter referred to as protein oxidation) and 
protein turnover. Two of these mechanisms were examined in vivo in the cat; protein 
turnover and ureagenesis, in cats fed either moderate protein (MP; 20% dietary energy 
as protein) or higher protein (HP; 70% dietary energy as protein) diets.
The single dose end product method was used to measure whole body protein 
turnover. Protein synthesis was higher (p<0.05) on the HP diet (75 ± 10 mmolN/ 
kgBW/d, 6 . 6  ± 0.9g protein/kgBW/d) than the MP diet (38 ± 5 mmolN/ kgBW/d, 3.3 
± 0.4g protein/kgBW/d). Protein breakdown was higher (p<0.05) on the HP diet (72.2 
± 8  mmolN/ kgBW/d, 6.3 ± 0.7g protein/kgBW/d) than the MP diet (44.3 ±3.1 
mmolN/ kgBW/d, 3.9 ± 0.3g protein/kgBW/d). These results show that feline protein 
turnover adapts to dietary protein as has been shown in other species and does not 
support a theory of metabolic inflexibility.
For the study of ureagenesis, a single dose of [15N 15N] urea was administered, and a 
model applied to calculate ureagenesis. There was a significant relationship between 
nitrogen intake (mmolN/day) and urea production (mmolN/day) (simple linear 
regression, intercept=-25.76, slope=0.92, R2 =94.92, pO.OOOl). These results show 
that feline ureagenesis adapts to dietary protein as has been shown in other species and 
does not support a theory of metabolic inflexibility.
Cats were shown to be metabolically flexible in the current thesis, adapting to dietary 
protein as do omnivores and herbivores. It is therefore unknown why cats require so 
much dietary protein, and alternative theories were suggested.
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Preface
The work in this thesis is my own conducted at the Waltham centre with the exception 
of some analysis that was conducted either collaborately at the Rowett Research 
Institute (15N mass spectrometry) or contracted out; proximate analysis (nitrogen, fat, 
ash, moisture), p-aminobenzoic acid quantitation and chromic oxide quantitation.
Such instances are clearly marked in the text, with details of the contracting laboratory
All the work in this thesis conforms to the guidelines of the WALTHAM ethical 
review committee.
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Chapter 1 Introduction
L 1 The need for dietary protein
Protein is a constituent of the cells of all living things, where it serves a variety of 
functions including support, transport, recognition and regulation. It consists of 
linked chains of amino acids, the combination of which are specific to each individual 
protein and provide functionality.
The amino acids themselves are composed of various combinations of the same 
elements, mainly nitrogen (N), carbon, oxygen, hydrogen and sometimes sulphur. 
Plants and some bacteria can synthesise amino acids from the basic inorganic 
elements that are widespread in the environment, for example, in gaseous form, or 
from simple inorganic compounds like nitrates. However, all animals, from protozoa 
to man, can only utilise organic sources of these elements and cannot “fix” the gasses 
from the environment or utilise inorganic substances for protein synthesis. This 
means that animals must include a source of amino acids from another living 
organism in their diet in order to secure an organic form of the elements for protein 
synthesis.
In terms of dietary gain, all amino acids are not equal. Whilst animals can use the 
organic forms of the elements for many synthetic purposes, some amino acids cannot 
be synthesised and are therefore dietary essentials. Essential amino acids (EAA) are 
indispensable because animals lack the pathways to synthesise the carbon skeleton of 
these amino acids, and must therefore acquire them in the diet. The carbon skeleton is 
then modified by the addition of an amino group (catalysed by transaminase 
enzymes), completing formation of the essential amino acid. Lysine and threonine are 
special cases, as being non-transaminating they must be provided as complete amino 
acids in the diet. There are 20 amino acids that are commonly used for protein 
synthesis, and of these, 9 are EAA for the human with the addition of arginine to the 
list for the cat (Table 1.1). Other amino acids exist, but these are derived by post­
synthetic alteration of side chains, and are not used further for protein synthesis, being 
eventually metabolised or excreted. Examples include hydroxyproline, 3-methyl­
histidine and taurine (a metabolite of cysteine).
Non-essential amino acids _____ _ ________ Essential amino acids— ----------------------
Glycine Valine
Alanine Leucine
Serine Isoleucine
Cysteine Threonine
Proline Methionine
Tyrosine Phenylalanine
Aspartic acid Tryptophan
Asparagine Histidine
Glutamic acid Lysine
Glutamine________________________________ Arginine^-------------     —
Table 1.1: classification of amino acids required for protein synthesis by the
feline. * Arginine is essential for the cat although most other species (adults) make sufficient for their 
needs. Cysteine is synthesised from methionine and tyrosine is synthesised from phenylalanine, hence 
dietary provision of cysteine and tyrosine can decrease the requirement for the precursors.
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Protein therefore supplies the need for amino acids in all animals, as well as providing 
N for other pathways (e.g. synthesis of nucleotides, creatinine), and energy when eaten 
in excess of requirements. The animal requires sufficient protein to maintain its body, 
accounting for the daily processes of renewal and repair, as well as extra demand in 
times of injury, pregnancy, growth and lactation. The protein requirement may 
therefore change during the lifespan of the animal as it grows, develops and 
reproduces. However, a comparison of the protein requirement of different species 
(Table 1.2), indicates a similar proportion of dietary energy is required as protein for 
adult maintenance. This is despite differences in body weight, metabolic tissue mass 
and dietary strategy.
Species Protein requirement of adult for maintenance
_________________________ (protein % of dietary energy)___________ _
Dog1 4
Human2 4
Rat3 4
____________Cow4  _____________   3------------------------------- -----
Table 1.2: Comparison of the minimum protein requirement of the adult of
several species (Rogers and Morris, 1980). The source and methodology of these figures is not 
clear, and slightly different estimates were arrived at independently:
1 Dogs require 6% (60g/kg) protein in diet to maintain N balance (NRC, 1985). With dietary energy 
density of 18.8MJ/kg, and protein providing 16.7kJ/g, this equals 5.3% protein energy.
2 Humans require 0.6g protein/kgBW to maintain N balance (FAO/WHO/UNU, 1985). For a 70kg 
man with energy requirement of 9.4MJ and protein providing 16.7kJ/g, this equals 7.5% protein energy.
3 Rats require 5% (50g/kg) protein in diet to maintain N balance (NRC, 1995). With dietary energy 
density of 18.8MJ/kg, and protein providing 16.7kJ/g, this equals 4.4% protein energy.
4 A non-lactating, non-growing cow can maintain N balance on grass, which contains 185g crude 
protein/kgDM, at an energy density of 12MJ/kgDM. This equates to 2.5% protein energy.
Across species there are many different dietary strategies, ranging from herbivores 
that eat plants, through omnivores (meat and plants) to obligate carnivores and 
insectivores that must eat meat.
In general, herbivores eat a diet lower in protein (in terms of g protein/kg foodstuff) 
than omnivores, which is in turn lower than carnivores. For example, sheep and cows 
survive on poor grassland and are adapted to this dietary strategy by the evolution of a 
rumen that contains microbes specialised for the fermentation of cellulose and other 
indigestible plant components. In order to keep the rumen healthy, ruminants are 
grazers, eating continually and so ensuring an adequate food intake. Omnivores such 
as the human and dog eat a mixture of animal and vegetable foods. The generally 
higher food value and protein intake of the omnivore means that it is not necessary to 
graze all day, and so these animals often eat more sporadically (e.g. meals). They can 
eat less frequently, and ingest less food (weight) since their diet has more value. 
However, in terms of dietary energy consumed, the protein requirements of both 
herbivores and omnivores may be very similar (Table 1.2).
Carnivores, such as the cat, eat meat and were traditionally considered to have a high 
protein requirement. The high protein requirement was considered to be for non- 
essential N, as the essential amino acid requirements of the kitten were very similar to
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the young rat and puppy (Rogers and Morris, 1980). One classic study suggested that 
cats were metabolically different to other animals thus explaining the apparently high 
protein requirement of this species (Rogers et al., 1977), although other studies have 
challenged these findings (Kettlehut et al., 1980; Silva and Mercer, 1985). However, 
it would seem reasonable that all mammals should have a similar absolute 
requirement for protein per kg metabolic body weight.
1.2 Measuring Protein requirements
The total protein requirement of an animal is that required to satisfy the metabolic 
demand after correction for efficiency of utilisation. Metabolic demand is the sum of 
all the needs of the body, and includes the obligatory N loss and maintenance needs as 
well as extra protein where required for growth and reproduction. Inefficiency of 
utilisation is due to that proportion of N that is useless to the animal due to either poor 
digestibility or poor metabolic utilisation, and may be increased when eating poorer 
quality proteins. Protein requirement may therefore be defined as metabolic demand /
efficiency of utilisation.
Determination of protein requirements for young animals is relatively simple, since a 
less than adequate intake will result in sub-maximal growth. However, determination 
of protein requirements for the adult animal is more problematic, since it is difficult to 
define a measure of maintenance.
There is currently only one accepted technique for the determination of protein 
requirements of adult animals. Since in the non-growing animal N intake must equal 
N excretion, measurement of these allow calculation of N balance (chapter 2). After 
adequate dietary adaptation, the protein requirement is defined as that amount of high 
quality protein that just allows the animal to maintain N balance.
An alternative technique for assessing protein requirement is the factorial calculation 
of all possible N losses; the requirement then being to meet this. This includes faecal, 
renal and cutaneous endogenous losses and can incorporate other requirements e.g. for 
lactation or hair growth. However, it is technically difficult to measure each 
individual loss and there is often a discrepancy between estimates of protein 
requirement by N balance and factorial calculation (Calloway and Margen, 1971; 
Atinmo et al., 1985; Young and Borgonha, 2000). The cause of such discrepancies is 
unclear, but may be due to difficulties in correcting the factorial estimate for 
efficiency of utilisation. However, problems with the balance technique should not be
overlooked (chapter 2 ).
Identification of an indicator of the adequacy of protein intake would allow the 
validation of estimates of protein requirement, although in practice this is very 
difficult. Candidate markers have included demonstrating stable body-protem 
content, and normal plasma proteins, amino acids and biochemistry. In the non­
growing adult animal, bodyweight and therefore body composition should be constant, 
although this is very difficult to confirm in all but the longest studies due to daily, 
weekly and monthly fluctuations in bodyweight. Plasma proteins are very accessible 
but may turn over slowly (e.g. albumin), and blood biochemistry, amino acids and
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indicators of muscle or immune fonction may be insensitive to all but very low protein 
diets (Castenada et al., 1995; Kurpad and Vaz, 2000). Due to the lack of sensitivity, 
none of these measures of adequacy add extra value to measurements of N balance 
and bodyweight maintenance.
1.3 Feline Protein Requirements
The current recommendation for the protein requirement of the adult cat is 
140g/kgDM diet (11% of energy in diet assuming energy density of 21 kJ/g) 
determined by the National Research Council (NRC, 1986). This level was set 
following a review of the available N balance studies on adult cats (Allison et al.,
1956; Miller and Allison, 1958; Greaves and Scott, 1960; Burger et a l, 1984) and 
therefore represents the minimum amount of high quality protein required to maintain 
N balance. However, in practice it is usual to add a 25% increment to account for the 
fact that most of the N balance studies were conducted using semi-purified diets.
Such diets would be more digestible than processed or complex foods, and this 
adjustment increases the protein requirement to 14% of energy. However, this is the 
absolute minimum requirement, and does not take account of other factors such as 
palatability. Commercial cat foods are therefore rarely formulated to contain less than 
25% energy from protein.
A factorial calculation of protein requirements has also been estimated in the cat 
(Greaves and Scott, 1960; Greaves, 1965). The addition of the separate N losses 
resulted in a requirement of 2g protein/kgBW/day, a figure more recently supported by 
the ileal and faecal measurements of Hendriks and workers (Hendriks et a l, 1996).
This is not dissimilar to the latest estimates by N balance for the cat (Burger et al.,
1984; Zentek et a l, 1998) (Table 2.2, page 29).
The determination of protein requirements is particularly important for domestic and 
captive animals since many do not have the freedom to self-select from a variety of 
different foodstuffs. These animals rely on humans to provide a balanced diet that is 
often a single foodstuff (e.g. farm animal concentrates, rat chow, cat and dog food). 
This means that it is vital to provide the animals with sufficient protein and other 
nutrients within their restricted diet, and also to ensure that they will eat the diet over 
extended periods of time. Animal diets must therefore satisfy more comprehensive 
nutritional requirements than a human meal.
In the case of the cat this means that modem commercial cat food needs to fulfill four 
needs; complete nutrition, palatability, owner perceived enjoyment and superior 
health. The first is obviously to provide all the nutrients in the correct amount and in 
the correct ratio to each other to maintain the cat, and so prevent diseases resulting 
from deficiency. The second is to provide a diet that is palatable to the cat and that 
the cat will continue to enjoy throughout its life. This is in itself a challenge since cats 
are notoriously “fossy” and require much variety in their diet to prevent monotony and 
subsequent self-imposed fasting (even of nutritionally complete foods). The third and 
fourth needs are more recent and relate to the way pet cats are perceived by their 
owners. From a vermin-catcher, the cat has quickly risen to family-member status.
No longer must the cat scavenge what food it can, rather the cat is provided with an
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endless variety of ever more palatable foods, whilst the owner looks on to make sure 
their beloved pet has enjoyed its meal. If the owner perceives (rightly or wrongly) that 
the cat has not enjoyed the food, they are unlikely to purchase that food again. This 
then is the third need, that of owner-perceived enjoyment. The fourth need is even 
more recent and difficult to attain, in that owners are now looking for cat food to 
provide superior health and well-being. That is, cat food must promote health and 
longevity for the cat, in the same way that other members of the household 
increasingly turn to nutritional supplements in order to attain “superior” health. All 
the better if this is obvious to the owner in the cat’s shiny coat or resistance to 
infection (since the owner is then likely to purchase the food again).
A requirement for petfood manufacturers to produce such a multi-functional and 
refined diet demands a thorough understanding of the requirements for each of the 
four needs (complete nutrition, palatability, owner perceived enjoyment, superior 
health) and there is therefore a requirement to understand the fundamental protein 
metabolism of the cat. By studying the response of the cat to ingestion of varying 
amounts of high quality protein, it should be possible to develop a better 
understanding of the cat’s metabolism. If this is similar to other species this may 
allow extrapolation from those species. However, if cat protein metabolism is 
significantly different from other species, this may indicate the reason for the higher 
protein requirement of this species.
1.4 Metabolic adaptation to dietary protein
Despite a wealth of knowledge in other species, the basic metabolic responses of the 
cat to the ingestion of varying amounts of protein are a relatively new area of study. 
Other species have well defined adaptive mechanisms that enable them to survive on 
diets that vary widely in protein content.
Amino acids exist in the body in proteins but also in free pools that include the plasma 
and extra- and intra-cellular fluid. The free pool of amino acids is often considered a 
homogenous entity to facilitate modeling, although this is unlikely, with intra-cellular 
amino acids often at higher levels than in the extra-cellular or plasma pool (Waterlow 
et al., 1978a). Metabolic pathways respond to dietary protein because the free pool of 
amino acids in the body is very tightly regulated. Amino acids enter the free pool 
from three sources. The first is simply through the digestion of dietary protein to its 
constituent amino acids. The second is the de novo synthesis of non-EAA, and the 
third the return of amino acids to the free pool following proteolysis of tissue proteins. 
The amino acids in the free pool can then leave the pool by any of three further 
processes. Firstly, the amino acids can be catabolised, their carbon skeletons being 
oxidised to produce energy whilst the amino groups enter the urea cycle. Secondly, 
the amino acids can be used for protein synthesis, and thirdly the amino acids may be 
utilised in other metabolic pathways (e.g. gluconeogenesis, lipogenesis).
Since the free pool of amino acids is tightly regulated, increased inputs to the pool 
must be closely balanced by a corresponding increase in those pathways exiting the 
pool. For example increased dietary amino acid intake results in increased amino acid 
oxidation, and protein synthesis. These mechanisms have been demonstrated in other
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species, although are still not fully understood. For example, although protein 
oxidation has been shown to adapt to prevailing diet in human (Young et ah, 2000), 
rat (Weis et al., 1993) and cat (Russell et ah, 2002), protein synthesis may be more 
sensitive to acute increases in amino acid load, as occurs when feeding the fasted 
human subject (chapter 4).
The capacity of the body to adapt to dietary protein has its limits. The obligatory N 
loss defines the lower limit of adaptability (Waterlow, 1999), and at protein intakes 
below this the body loses lean tissue until the intake can sustain the new level of lean 
body mass. The upper limit of adaptability is dependent on the capacity to dispose of 
excess amino acids. This is achieved primarily by a combination of increased 
oxidation (to dispose of the carbon skeleton) and increased urea synthesis (to dispose 
of the N), and is a function mainly of the hepatic enzymes. Exceeding the capacity of 
ureagenic and catabolic enzymes is difficult during feeding of mixed proteins, but 
amino acid toxicity, interactions and imbalance are possible with over-feeding of a 
single amino acid (Jackson, 1999).
1.5 The research problem
The adult cat apparently requires a high level of dietary protein as measured by N 
balance. It was originally thought that this high requirement was due to an inability of 
the cat to down regulate hepatic catabolic enzymes on lower protein diets, constituting 
metabolic inflexibility and a likely evolutionary disadvantage.
Adaptation to dietary protein indicates metabolic flexibility and is observed in other 
species. Mechanisms known to adapt in other species include ureagenesis, oxidation 
and protein synthesis. The ability of the cat to adapt to dietary protein is of interest on 
a fundamental level as these mechanisms have rarely been studied in a carnivore.
Two mechanisms are studied in the cat in the current thesis; ureagenesis (chapter 3) 
and whole body protein turnover (chapter 4).
If the cat can adapt to dietary protein, an alternative hypothesis for the high protein 
requirement of this species must be sought.
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Chapter 2 N Balance
2.1 Introduction
N balance describes the net flux of N in the body, i.e. the difference between N intake 
and N loss, and is a function of changes in processes such as protein turnover, amino 
acid oxidation and urea metabolism (Young, 1986; Waterlow, 1999). Most of the 
changes in N flux occur in intracellular protein, since dietary manipulation (including 
starvation) has little effect on extracellular protein structures (Keys et al., 1950), and 
the non protein N pool is small and changes only to a limited extent.
If in the non-growing adult animal body composition remains constant, it follows that 
N excretion must match N intake, since the capacity of the mammalian body to store 
N is extremely limited (in part due to its potential toxicity as ammonia or many of the 
free amino acids). Thus, when adapted to its habitual diet, the adult animal is said to 
be in (zero) N balance (N in — N out). When dietary N intake falls, the animal 
undergoes a short period of negative N balance (N in<N out), as the body adapts to the 
new level of dietary N. Likewise, when the diet includes more N, a short period of 
positive balance (N in>N out) is then followed by a restoration of zero balance as the 
body adapts to the new diet.
The capacity of the body to adapt to dietary protein has its limits. Continuing 
excretion of N from essential metabolic pathways results in an obligatory N loss even 
on a protein free diet. The obligatory N loss, corrected for the efficiency of utilisation, 
defines the lower limit of adaptability (Waterlow, 1999) and at protein intakes below 
this the body loses lean tissue until the intake can sustain the new level of lean body 
mass. This enables N balance to be used as an indicator of protein requirement. The 
maintenance requirement is the level of (high quality) dietary protein N that just 
maintains the animal in N balance. The upper limit of adaptability is harder to define 
(Waterlow, 1999), but will be determined by the capacity to dispose of excess amino 
acids, a function of the ureagenic and catabolic enzymes.
N balance is determined by measuring the N intake and N excretion of the subject 
over a period of days or weeks. N intake is calculated from gravimetric measurement 
of food intake, and analysis of N content. N is excreted from the body via several 
routes, the major ones being the urine and faeces, with smaller losses in sweat and by 
other minor routes. All excreta are therefore collected over the period of 
measurement, weighed and analysed for N content. When all analyses are complete, 
total losses are subtracted from total intake to provide a whole body N balance. When 
the N balance obtained at different levels of N intake is plotted against the N intake, 
that intake which just produces equilibrium is the maintenance N requirement (figure 
2.1, page 18). The efficiency of utilisation of dietary N is represented by the slope of 
the line relating N balance to N intake, and a slope <1.0 indicates less than 100 /o 
utilisation. In human adults the slope is always less than 1 even with high quality 
proteins but more so with poor quality proteins, so that assays of protein quality 
usually involve comparisons of slopes of reference proteins (egg, beef etc) with the 
test protein.
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Figure 2.1 : Nitrogen balance index for determination of protein requirements
(from human data, (Hegsted, 1976)).
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However, zero balance can be achieved at many different levels of protein intake (due 
to adaptation to that intake, or to other factors such as energy supply), and the 
attainment of zero balance does not necessarily mean that the individual s nutritional 
status is good. In an 8 Id N balance study in young men designed to confirm the long­
term adequacy of human protein recommendations, biochemical abnormalities were 
identified in a subject apparently in positive N balance, as well as subjects in negative 
balance (Garza et al., 1977). These abnormalities included decreased total body 
potassium (indicating protein loss), changes in total serum proteins and increased 
serum aminotransferases (indicating impaired hepatocyte membrane function), 
suggesting that the subjects were not in optimal health.
2.2 Apparent retention o f N  in the body
In well-nourished adults maintaining bodyweight, the overall balance is often positive 
rather than zero. Furthermore, this "apparent retention" of N becomes progressively 
greater as N intake is increased, and apparent retention of up to 4g N/day (20% of the 
additional intake at intakes above 5gN/day) is invariably observed in human studies 
utilising high protein diets (Hegsted, 1976). This is equivalent to 4 x 6.25 — 25g 
protein (Munro, 1964), and assuming that protein comprises 18% of body tissue 
(Ellis, 1992), 139g tissue/day. This is clearly physiologically impossible in the long 
term where such a daily retention would amount to a gain in bodyweight of 50.69kg 
each year.
Various explanations for the high apparent retention of N observed in N balance 
studies have been proposed, including, slow physiological adjustment of the body to 
changes in dietary protein (Forbes, 1973), methodological errors (Wallace, 1959), and 
loss of gaseous N from the body N pool (Costa et al., 1968).
As early as 1959 this inexplicable apparent retention of N was recognised to be a 
problem, and a review of the available literature showed a consistency of body N 
content despite differences in protein intake or nutritional status (Wallace, 1959). In 
humans, a constant average body composition of 2% N for the child and 3% for the 
adult was found, even in cases of starvation. These findings showed that the retention 
of N measured in N balance studies was indeed apparent and not real. However, the 
slow homeostatic response of the body to a changing nutritional environment may 
mean that changing dietaiy N may alter body N content in an exponential fashion 
(Forbes, 1973). This alteration of body N content may take many months due to the 
slow turnover of N in the body, meaning that any change in body N may not be 
measurable over the study period.
It has also been suggested that methodological errors could be the cause of the 
apparent retention (Wallace, 1959), since by subtracting two large numbers (intake 
and excretion), any error in analysis or data collection would have a highly significant 
effect on the overall result. Persistent cumulative errors may also favour a positive 
result with food intake readily over-estimated due to spilled food being mistakenly 
excluded from the weigh-out, and urinary and faecal excretions underestimated due to 
incomplete collection. However, it is unlikely that methodological errors could 
account for all the apparent retention observed, since a retention of 2 0 % would require
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a 10% overestimation of food intake and 10% underestimation of excretion (Hegsted, 
1976). This was confirmed by a rigorous human study (Oddoye and Margen, 1979) 
that, despite high attention to all detail, resulted in an apparent retention of 1.6 g N/day 
on feeding 36g N per day, a level of retention that did not decrease over 57 days of
feeding.
Conversion of amino N to gas (N2) in the body and subsequent excretion was 
suggested as early as 1839 (Boussingault, 1839), and repeatedly since (Krogh, 1906; 
Costa, 1960; Costa et al., 1968; Cissik et al., 1972; Costa et al., 1974; Muysers et al., 
1974; Rosenberg, 1976). Various techniques have been employed to study this theory, 
made’ difficult by the high proportion of N2 in atmospheric air and various routes of 
excretion (lung, flatus, skin). The findings are contradictory, and a careful study by 
Krogh (Krogh, 1906) measuring the N2 changes in a closed respiration chamber, 
concluded that although there was a net expiration of N2 from mice, this was so small 
(0 .0 1 % of the volume of absorbed oxygen) that it probably represented experimental 
error. Further error was suspected following the measurement of inspired and expired 
oxygen and carbon dioxide in adult humans consuming varying levels of protein 
(Cissik et al., 1972). These findings indicated that expired N2 was greater than 
inspired N2, although at 6 6 % of oxygen consumption this N2 production is likely to be 
artefactualy high. If N2 were involved in metabolic processes and then excreted via 
the lungs, it might be expected that the N2 content of the mixed venous blood in the 
pulmonary artery (returning to the lungs) would be higher than that in the arterial 
circulation (supplying the tissues). This arterio-venous difference was measured in 2 
dogs and no difference found (Rosenberg, 1976).
However, other studies have challenged these conclusions. Using mass spectrometry, 
N2 gas was detected from normal and germ-free mice in a closed respiratory chamber 
previously flushed free of N2 (Costa, 1960; Costa et al., 1968). The use of germ-free 
mice indicates a N metabolism that probably does not involve the gastrointestinal 
flora. After placing human subjects in a N free atmosphere for 24h, N2 expiration was 
found to be 0 .5 ml/min, again measured by mass spectrometry. This equates to 
0.9gN/d (Muysers et al., 1974), a value that could account for much of the apparent 
retention observed during balance studies. Loss of N from fertilised chicken eggs was 
also reported during incubation, and may indicate the conversion of organic N to N2, 
and subsequent diffusion across the shell (Costa et al., 1974), although in this case the 
N2 was not actually identified.
It is difficult to draw conclusions from these studies using such a variety of 
approaches and methodologies. The production of gaseous N has never been accepted 
(Young, 1986; Jackson, 1999), although any low level production of N2 (Krogh, 1906; 
Costa et al., 1968; Muysers et al., 1974) may, if real, be significant in terms of N 
balance studies.
It may be that there is some currently unknown problem with the N balance technique, 
a suggestion that is supported by the finding that similar apparent retention (of 
minerals) are observed during balance studies with minerals such as calcium, 
potassium, sodium and phosphorous (Hegsted, 1976), and in tracer balance studies 
using carboxyl labelled EAA (Millward, 1999). This suggests that the problem lies
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with the balance technique itself rather than with its application to N metabolism.
2.2.1 Experimental design
Comparison of results between studies is made difficult since N balance is sensitive to 
protein quality, digestibility, energy intake, proteimenergy ratio (PER) and prior 
nutritional status (Schaeffer et al., 1989). This means that any difference in 
experimental design, subjects or diets will influence the N balance result obtained.
Very careful design and execution of N balance studies is therefore required.
Energy intake is a particular determinant of N balance because protein metabolism is 
an energy dependent process, a situation made more complex since protein can 
provide N but also energy. At a given level of N intake, decreasing energy intake will 
result in a more negative N balance as some of the protein is used (and N excreted) to 
rectify the energy deficit, and a subsequent overestimation of N requirements. 
Conversely, increasing energy intake results in a more positive N balance as more N is 
retamed and the N requirement is underestimated (Calloway and Spector, 1954). N 
balance on a low protein diet can therefore be improved by increasing the provision of 
energy, although this effect may be attenuated as energy is greatly increased due to 
protein then becoming limiting. Likewise, the effect of increasing protein may be 
attenuated if energy is limiting. This makes it critical that balance studies are 
conducted in subjects that are at zero energy balance i.e. maintaining a constant 
bodyweight (Manatt and Garcia, 1992).
Protein quality is also important. A high quality protein (such as egg or milk) 
provides adequate quantities of EAA in the correct proportions. The body can only 
utilise a balanced amino acid profile, and so if the EAA profile is unbalanced, for 
example by providing excess of a single amino acid, a larger proportion is oxidised. 
More of a poor quality protein (such as cartilage) is therefore required and the N 
requirement of a poor quality protein is higher than that of a high quality protein to 
achieve N balance. This was demonstrated in a study on cats (Zentek et al., 1998) 
using semi-purified diets based on 3 different quality protein sources; beef heart, 
greaves meal and poultry meal. Greaves meal is a relatively poor quality animal 
protein derived mainly from skin; poultry meal is intermediate quality containing 
relatively high levels of collagen, whilst beef heart is a high quality protein. With beef 
heart as the protein source, N balance could be maintained by an intake of 
205mgN/kgBW/day, but with poultry meal the requirement rose to 
283mgN/kgBW/day and with greaves to 429mgN/kgBW/day. Thus twice as much of 
the poor quality greaves meal was required to achieve balance compared to high 
quality beef heart. Poor quality proteins have a lower efficiency of utilisation than 
high quality proteins, although even a high quality protein may be affected in subjects 
or diets with low digestibility.
In addition, the overall macronutrient composition of the diet (and therefore protein 
energy ratio) can also affect N balance, particularly the presence of carbohydrate. 
Carbohydrate has a protein sparing effect (reduces N loss) and its presence in the diet 
affects the protein requirement. Therefore, if the diet contains little or no 
carbohydrate, N requirements are much higher than on a carbohydrate-containing diet.
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The protein requirement of Eskimos that habitually consume very low carbohydrate, 
meat based diets is reported to be over twice that on a standard Western diet, as 
measured by N balance (Hegsted, 1989). This protein sparing effect is unique to 
carbohydrate, and is probably related to the requirement of the brain and erythrocytes 
for glucose, since fat cannot be converted to glucose. This unique effect of 
carbohydrate disappears as carbohydrate is provided in excess of glucose requirements 
so that when all three macronutrients are present in adequate amounts, dietary 
composition has little effect on N balance.
Choice of subject is also important. Anabolic states such as pregnancy, growth, 
lactation and body-building all increase the protein requirement and result in a 
positive N balance due to the accretion of new tissue. Tumour bearing animals also 
show a positive balance due to rapid proliferation of tumour tissue, despite other 
tissues of the body (e.g. the muscle) losing N due to tumour related cachexia.
Catabolic states include starvation and injury, when loss of N from the body is 
increased, so resulting in a negative N balance. These losses must be recouped upon 
recovery, when the body enters a temporary anabolic state. In both anabolic and 
catabolic states there is a higher requirement for protein. In anabolic states the aim is 
to achieve positive balance and so ensure protein is deposited as new tissue. In 
catabolic states, the increased loss of N due to tissue breakdown must be matched by 
increased N intake in order to achieve balance and facilitate recovery. It is clear 
therefore that all of these physiological states should be avoided in the choice of 
subject for classical N balance studies.
Despite these problems during study design, N balance can be a sensitive indicator of 
net N flux, and it is possible to achieve zero balance. Thus men were in N balance on 
a diet of 12gN per day, over a period of 57 days (Oddoye and Margen, 1979). 
Conducting N balance studies to achieve such an accurate result is a challenge 
(Hegsted, 1976; Young, 1986), and there are many considerations including length of 
study, collection and analysis of samples and subsequent analysis of data.
Studies should be of sufficient length in terms of both pre-feed and data collection. 
Two to three weeks pre-feed is required to allow sufficient metabolic adaptation to the 
diet prior to commencing balance measurements, since a reliable result can not be 
achieved in subjects who are not in a steady metabolic state. N intake, urea excretion 
(Steffee et al., 1981) and protein turnover (Pacy et al., 1994; Price et al., 1994) are 
also subject to diurnal and day to day variability and so balance measurements should 
be conducted over 2-3 weeks to smooth these fluctuations (Oddoye and Margen,
1979; Young, 1986).
Data collection must be meticulous since food intake is readily over-estimated and 
urinary and faecal excretions underestimated (Wallace, 1959). In many studies 
miscellaneous losses of N are usually assumed or ignored. These errors all bias the 
overall balance in the positive direction, and even small errors can have a large impact 
on the balance.
Food intake is more readily measured in animal species than in the human that would 
object to a single homogenous diet throughout a study. However, care must be taken
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in selection of feeding regimen since evaporation from the surface of diets with higher 
moisture contents can be considerable, a phenomena that is increased with extended 
meal lengths and in air conditioned environments. This evaporative loss is minimal if  
the meal is short (e.g. less than Ih), but should be controlled for over longer meals.
This can be achieved by calculating the dry matter intake after freeze drying refused 
food, or by assessing evaporative loss from control feeding bowls. Care must also be 
taken that any dropped food is returned to the bowl prior to weigh out.
Most of the N removed from the body is lost in the urine, with smaller amounts also in 
faeces. Urinary N is comprised about 80% urea, with the remainder in ammonia, 
creatinine, uric acid, amino acids, peptides, purines and creatine (Allison and Bird, 
1964). The completeness of urine collection, and so confidence in the overall balance 
result, can be confirmed in several ways. Human studies, which are subject to 
misbehaviour in the process of obtaining 24-hour unne samples, are often 
accompanied by daily measurement of urinary creatinine. Creatinine is a product of 
muscle energy metabolism and is closely related to muscle mass, and so daily 
creatinine excretion should show little variation and be a useful marker of a complete 
urine collection. However, within-subject variability (c.v.) in daily creatinine output 
has been reported in humans to be from 4% (Bingham and Cummings, 1985) to 34% 
(Webster and Garrow, 1985). Assuming a similar variability in other animals, this 
makes urinary creatinine an insensitive marker for completeness of collection, 
especially when losses are expected to be minor compared to the gross losses caused 
by human misbehaviour.
The problems in animal studies are the smaller losses of urine by evaporation from the 
surface of collection trays, and loss on feet and fur. This problem was addressed in N 
balance studies in mink by implanting small osmotic pumps that continually released 
[3H] p-aminohippuric acid or [14C] inulin, the recovery of which was quantitated in 
urine by scintillation counting (Wamberg et al., 1996a; Tauson et al., 1997).
However, this invasive procedure was not suitable for use at WALTHAM. A non- 
invasive alternative may be the oral administration of p-amino benzoic acid (PABA), 
a harmless, relatively inert substance that is excreted solely in the urine and can be 
chemically quantitated (Bingham and Cummings, 1983; Bingham and Cummings, 
1985). PABA is a more sensitive marker than creatinine (since PABA is a discrete, 
exogenous dose that can be recovered quantitatively) (Bingham and Cummings,
1985), and is ideal for studies of carnivores where creatinine can not be used due to its 
presence in the cooked meat of the diet. Differences in daily food intake of the ad 
libitum fed cat would also lead to large daily variability in creatinine excretion.
Faecal N is comprised of two sources, endogenous N and dietary N, but the 
contribution of faecal N to overall N excretion is relatively minor. The completeness 
of faeces collections in animal studies provides less of a problem than in human 
studies, unless the animals are coprophagic. Small amounts of faecal matter may be 
left on the collection tray unless extreme care is taken, but N loss by the faecal route is 
minimal compared to urinary N loss. Nevertheless, recovery of faecal collections can 
be tracked using the quantitative excretion of an inert marker such as chromic oxide 
(CriOs) which is solely excreted by the faecal route (Kotb and Luckey, 1972; Kane et 
al., 1981; Peachey et al., 2000). This may also provide a visual marker to indicate
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when the collection should begin and end, a consideration that is important 
particularly in short-term studies and if the species has a long colonic retention time.
N is also lost from the body by other minor routes, and these miscellaneous losses 
may include sweat, desquamated cells, blood, saliva, nail, hair and semen. This 
subject has been thoroughly studied in the human (Calloway et al., 1971) and these 
authors identified other usually ignored losses including during tooth-brushing, loss 
on toilet tissues and handkerchiefs, and exhaled ammonia. The total loss of N via all 
these miscellaneous routes was calculated to be 0.5gN/d in the human, including 26- 
62mgN from scalp and facial hair, and 8 mgN/min lost in sweat during running 
(Calloway et al., 1971). Whilst some of these activities are not applicable to cats, it is 
likely that the loss in hair (from shedding) and saliva (from washing) would be greater 
in this species, whilst that lost in sweat would be less (since cats sweat only through 
the pads of their feet). However, it is likely that miscellaneous losses in the cat would 
be higher than in humans due to the increased dietary N intake (Oddoye and Margen, 
1979).
A further source of error may arise in the analytical techniques used to determine the 
N content of food and excreta. N analysis has traditionally been performed by the 
Kjeldahl procedure, however a disadvantage of the Kjeldahl procedure is that it only 
measures organic sources of N. Whilst this may be useful in the determination of the 
ingestion of nutritionally useful (organic) N, it does not provide a measure of total N 
necessary for N balance. Kjeldahl has been largely superseded by the Dumas 
procedure. This technique converts organic and inorganic sources of N into gaseous 
N2 and so may give a more accurate measurement of total N. A third method for 
analysing N is by chemiluminescence, a method that is not widely available due to the 
high initial cost of purchase of the specialised analyser, but is a very sensitive method 
ideal for low N levels. All analytical procedures are subject to some variability, often 
with a c.v. (coefficient of variation) of 5-10%. However, for such variability to be a 
component of the observed apparent retention, this would require a consistent 
overestimation of N in food or underestimation of N in excreta rather than the random 
variability usually observed.
N balance studies are problematic, but providing the limitations are understood the 
method can provide useful information on the metabolic status of the subject, 
particularly if used to compare different treatments. The use of N balance to obtain 
absolute data by relating this to N intake may be more difficult to interpret, and there 
are several different ways of doing this (Rand et al., 1977). These range from taking 
two points only, one at zero N intake and the other at an intake above requirement, 
and assuming that the efficiency of N utilisation is constant throughout the range of 
intakes, to taking multiple measurements. Analysis of the data may be critical, and it 
is recommended to calculate each individual subject’s balance curve using a square 
root model, the median of the individual requirements then being the population 
requirement (Rand and Young, 1999). However, common sense should be applied 
and mathematics alone not relied upon to over-interpret problematical data.
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2.3 The obligatory N  loss o f the adult cat
Metabolic pathways that result in the excretion of N result in a continual loss of N 
(mostly in urine and faeces) from the body even on a protein free diet. This is the 
obligatory N loss and it is a component of the overall maintenance protein 
requirement since the magnitude of the loss will influence the amount of N required to 
achieve zero N balance.
There are two methods of determining obligatory N loss. Negative N balance can be 
measured by feeding a protein free diet, or a dose response of N balance to differing 
dietary protein intakes can be measured and regressed back to zero protein intake. If a 
dose response to different protein intakes is regressed back to zero intake, the doses 
selected should be below the expected maintenance requirement. Using doses below 
the maintenance requirement produces a steeper slope (and therefore different 
intercept at zero protein intake) than that obtained by conducting the experiment in 
excess of maintenance requirements, due to improvements in the efficiency of 
utilisation of N following adaptation to very low (sub-maintenance) protein intakes. 
Whichever method is chosen, and as with all N balance studies, catabolism of body 
protein to provide energy must also be minimised by ensuring the animal eats 
sufficient energy.
The obligatory urinary N loss of the cat has been studied by three groups (Miller and 
Allison, 1958; Greaves and Scott, 1960; Hendriks et al., 1997). Greaves and Scott 
(Greaves and Scott, 1960) reported the endogenous urinary N excretion of adult cats 
using the regression to zero-protein-intake method. After reanalysis of the data 
(Hendriks et al., 1997), the mean endogenous urinary N was estimated as a very small 
25mg/kgBW/day, probably caused by using diets above the maintenance requirement 
and an inadequate period of dietary adaptation (4d). Earlier, Miller and Allison 
(Miller and Allison, 1958) fed protein free diets, but only in 4d feeding experiments, 
and found that the loss of N amounted to 500mg/kgBW/d.
A later study more accurately determined the obligatory urinary N excretion of adult 
cats using both the protein-free and regression methods (Hendriks et al., 1997). Six 
cats participated for lOd in the protein-free diet trial, during which urine was collected 
daily and mean N loss was calculated to be 360mgN/kgBW°-77day. However, the lOd 
study period may be too short since it has been shown in other animals that extending 
the period of protein-free feeding can result in further reduction of obligatory N 
excretion. In addition, the cats lost a considerable amount of weight suggesting that 
energy intake was inadequate and increasing N loss due to catabolism. Sixteen cats 
took part in the regression trial and were randomly allocated to 4 diet-groups fed 40- 
130g protein/kgDM provided from fish offal; protein levels below the maintenance 
requirement. Urine was collected for 3d following a 6 d-adaptation period. When the 
results from these feeding studies were plotted and a regression of the data performed, 
the mean obligatory urinary N loss was found to be 316mgN/kgBW * /day. However, 
3  days of data collection may not be sufficient to obtain accurate balance data, and 
furthermore, all the cats lost bodyweight suggesting that their energy intake was 
inadequate and increasing N loss due to catabolism. The fit of regression lines is also 
very poor (probably due in part to the small sample sizes) which may also result in
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inaccuracies during extrapolation. There was no significant difference in the results 
obtained by the two methods, but since the cats on the regression study had less severe 
weight loss the regression result of 316mgN/kgBW0'75/day is likely to be the more 
accurate, despite large standard errors.
A comparison across species using data obtained by the protein-ffee techmque (Table 
2.1) shows a wide variation in obligatory urinary N loss, with some of the variability 
probably attributed to different stages of development and bodyweight losses. A 
further consideration is that these studies (Calloway and Margen, 1971; Yokogoshi et 
al., 1977; Kendall et al., 1982a; Moughan et al., 1987; Flurer et al., 1988; Hendriks et 
al., 1997) were concerned with obligatory urinary N losses. The total obligatory N 
loss will be higher due to the addition of faecal and miscellaneous losses, and these 
values may vary between species. It is not clear then how different the cat is to other 
species in terms of the obligatory N loss.
species obligatory urinary N loss
_______________ mgN/kgBW°-75/day_______________
Human1 99
Marmoset2 62
Rat3 H3
Dog 4 210
Pig5 163
  ___________ Cat^_________________________   560_____ _ __
Table 2.1 : The obligatory urinary N loss of several species, all using the protein-
free technique.
1 Human (Calloway and Margen, 1971). Calculated from data provided. C onstan t bodyweight 
achieved.
2 Marmoset (Flurer et al., 1988). Adult marmosets. Animals lost BW over the study.
3 Rat (Yokogoshi et al., 1977). Data are for young rats (100g). Converted to BW from data 
provided. Most animals lost BW over the study.
4 Dog (Kendall et al., 1982a). Adult dogs. Animals lost BW over the study.
5 pig (Moughan et al., 1987). Data are for young, growing animals not adult. Animals gained BW over 
the study.
6 Cat (Hendriks et al., 1997). Animals lost BW over study.
2.4 The N  requirement o f the adult cat by N  balance
The maintenance protein requirement of the adult cat has been studied using N 
balance, although the five studies to date have reached very variable conclusions 
(Table 2.2, page 29), in part due to the very different experimental designs and diets
used.
In the first study, nine adult cats were fed on various (unspecified) semi-purified diets 
with either casein or egg albumin as the protein source (Allison et al., 1956). Plotting 
N balance against N intake resulted in the conclusion that 360mgN/kgBW/day from 
casein were required to maintain the cats at zero N balance. Miller and Allison (Miller 
and Allison, 1958) extended this work, feeding a semi-purified diet containing 270g 
protein/kgDM over a period of 7 days, allowing 3 days for adaptation. Adult cats (age 
5 5  weeks) were found to attain zero N balance on this diet. Obligatory N loss was 
also calculated by feeding a protein free diet. From these findings it was concluded
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that 500mgN/kgBW/day was required by the adult cat, but that this could be decreased 
to 200 mgN/kgBW/day by adaptation to low protein intakes. Details of urine and 
faeces collection procedures were not provided in either of these papers.
Greaves and Scott (Greaves and Scott, 1960) fed 4 adult cats 6  semi-purified, canned 
diets with protein contents ranging from 130 to 460g/kgDM derived from white fish 
and liver. The cats received the highest protein diet for 2 weeks, then for each 
subsequent 2 -week period the other diets, offered in descending order of protein level. 
After 4 days of adaptation, an 8 -day N balance was conducted for each diet. The 
authors went to some lengths to establish which defecations belonged to the collection 
period (which can be difficult due to storage of faeces prior to defecation), using 
carmine dye. They also washed through urine collection apparatus with water to 
improve recovery of urinary N, although no preservative was added until the samples 
were stored at 4°C for up to 8  days. This urine collection would likely have 
deteriorated and lost N, and may have contributed to the high mean N balance of 
800mgN/kgBW/day (diet containing 210g protein/kgDM; 15%PER).
Burger and workers (Burger et al., 1984) fed 19 adult cats on isocaloric soy-isolate 
based semi-purified diets (100-164g protein/kgDM) in a latin square design, each for 
1 month. All the diets were supplemented with purified amino acids to the level 
required by the growing kitten (which should therefore be adequate for the adult), 
although it is possible that the amino acid profile of this diet would be difficult to 
attain in normal diets. Balance was achieved at 280mgN/kgBW/d, and the authors 
included checks on blood parameters to confirm health as well as an extended feeding 
period of 32 weeks to confirm long term adequacy of the diet containing 125g 
protein/kgDM ( 10%PER).
The most recent study examined the effect of dietary protein quality on N balance 
(Zentek et al., 1998). Semi-purified diets were formulated based on 3 different quality 
protein sources; beef heart, greaves meal and poultry meal. Greaves meal is a 
relatively poor quality animal protein, poultry meal is intermediate and beef heart a 
high quality protein. The diets were formulated to provide 6-26g digestible crude 
protein per MJ digestible energy for each of the 3 protein sources. N balance was 
maintained with an average intake of 300mgN/kgBW/day, although there was a large 
effect of protein quality. With beef heart as the protein source, N balance could be 
maintained by an intake of 205mgN/kgBW/day, but with poultry meal the requirement 
rose to 283mgN/kgBW/day and with greaves to 429mgN/kgBW/day. On the lowest 
protein diets (about 13% PER) some biochemical abnormalities were observed, with 
increased blood levels of alanine aminotransferase (EC 2 .6 .1.2) and glutamate 
dehydrogenase (EC 1.4.1.2). Increases in serum amino transferase activities may 
indicate impaired hepatocyte membrane function (Garza et al., 1977), and may 
indicate that this level of protein is insufficient to maintain health in cats. Increased 
glutamate dehydrogenase indicates increased deamination of glutamate and increased 
ammonia assimilation, although it is not clear how this relates to insufficient protein 
intake.
With this study design utilising several proteins and at different doses (Zentek et al., 
1998), this would be an ideal opportunity for assessing the efficiency of utilisation of
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the various proteins in this species. However, insufficient data were presented in this 
paper to allow these calculations. However, this was done in earlier studies (Allison 
et al., 1956; Miller and Allison, 1958), and balance indexes obtained for egg albumin 
(0.95-1.0), casein (0.86-0.92) and wheat gluten (0.75). However, the validity of these 
indices is questionable in light of the problems identified above with these studies.
It is challenging to determine which study provides the more accurate assessment of N 
balance in the cat. None of the studies were without problems, which complicate the 
interpretation of results, although it is likely that the two latest studies provided the 
closest estimate (Burger et al., 1984; Zentek et al., 1998). The length of prefeed in the 
early studies (Allison et al., 1956; Miller and Allison, 1958; Greaves and Scott, I960) 
was inadequate, since metabolic adaptation to diet is thought to take at least 1 2  days in 
humans (Oddoye and Margen, 1979; Young, 1986), although adaptation may be faster 
in smaller animals. The period of study over which balance measurements were taken 
was also very short in relation to the 2-3 weeks required in human studies (Young,
1986).
The requirement of a steady metabolic state prior to undertaking balance 
measurements also means that the subjects should maintain a constant bodyweight 
during the study. Bodyweight losses due to inadequate energy intake may increase 
loss of N making N balance more negative and thereby overestimating N requirement 
at energy balance. Bodyweight data were not reported in the early studies (Allison et 
al., 1956; Miller and Allison, 1958), but bodyweight losses were reported in some of 
the later studies (Greaves and Scott, 1960; Zentek et al., 1998) suggesting energy 
intake was inadequate.
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The studies used a variety of diets, which also complicates interpretation since 
macronutrient profile can have a large impact on N balance due to the sparing effect 
of carbohydrate on protein oxidation. All the studies incorporated carbohydrate in the 
diets at levels of around 20-30% of energy although this was not always specified 
(Zentek et al., 1998), and the source varied widely from wheat/potato/sugar beet 
(Greaves and Scott, 1960) to sucrose/dextrin/dextrose (Allison et al., 1956). The 
studies also used very varying protein sources, and as shown (Zentek et al., 1998), 
protein quality has a large effect on N balance. High quality protein sources which 
provide all the essential amino acids in the correct proportions are utilised with more 
efficiency than low quality protein sources, and so the requirement for high quality 
protein is lower than that of low quality protein, resulting in a less negative N balance. 
The very high protein quality of diets used by Burger and workers (Burger et al.,
1984) may therefore have contributed to the low N requirement they established.
Earlier studies (Allison et al., 1956; Miller and Allison, 1958; Greaves and Scott,
I960) were conducted without knowledge of the essential amino acid requirements of 
the species (NRC, 1986), and so the diets may have provided unbalanced amino acid 
profiles. This may have increased N loss and therefore increased the apparent 
requirement for balance.
Miscellaneous losses of N from the body comprise a relatively small error if ignored 
in a sedentary (non-sweating) human. However, in the cat that is covered in a dense 
hair coat, losses by this route might be more significant. Losses of N into shed hair 
were incorporated into the study of Zentek et al (Zentek et al., 1998), but only 
amounted to 0.5-11 mgN/kgBW/day. This level of miscellaneous loss of N in a 
species which sweats only minimally (through the skin of the feet) is unlikely to 
provide significant inaccuracy in previous studies (Allison et al., 1956, Miller and 
Allison, 1958 96; Greaves and Scott, 1960; Burger et al., 1984) which did not take 
these losses into account.
The procedure for collecting urine and faeces is critical to the balance result obtained. 
In many cases this was not reported (Allison et al., 1956; Miller and Allison, 1958 
96), or was inadequate (Greaves and Scott, 1960). In addition, although some papers 
failed to record which analytical techniques were used (Allison et al., 1956; Zentek et 
al., 1998), most have relied on Kjeldahl for N analysis of food, urine and faeces 
(Miller and Allison, 1958 96; Greaves and Scott, 1960; Burger et al., 1984), so 
potentially underestimating total N.
In consideration of the results of the studies detailed (Table 2.2), the National 
Research Council set the minimum (high quality) protein content for adult cat diets of 
140g/kgDM, or 11% of energy assuming an energy density of 21 kJ/g (NRC, 1986). It 
would seem likely, therefore, that the N requirement of the adult cat as measured by N 
balance is in the region of 300mgN/kgBW/day.
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2.5 Experimental studies  -  Refining N  balance
2.5.1 Aims and objectives
From the preceding discussion it is apparent that N balance is very sensitive to 
technical and methodological factors. The work reported in the three sections that 
follow was undertaken to establish “best practice” for performing studies of N balance 
and other studies requiring accurate quantitation of food intake or excreta collection at 
the WALTHAM Centre for Pet Nutrition. Here, there is no facility for housing cats in 
traditional metabolism cages. Instead, the cats live in individual lodges or large 
fibreglass cages equipped with a non-invasive system for collecting urine. This 
comprises a fibreglass litter tray that slopes steeply into a hole in one comer that 
drains into a bottle suspended beneath. This system, whilst perfectly adequate for 
most feeding studies and providing optimal accommodation for the cats, was not 
designed for the complete collection of urine and was found to result in very high 
apparent retention of N during N balance studies. This was illustrated in a crude N 
balance study undertaken to establish the extent of the problem in WALTHAM cats 
(appendix 1). The mean N balance was high in both groups, being 0.95±0.09 gN/d for 
cats (n=6 ) fed a moderate protein diet and 3.71±0.67 gN/d for cats (n=5) fed a high 
protein diet. Problems with the N balance technique were also evident in the urea 
kinetics study (section 3.6), when cats 4 and 8  (Table 3.5, page 82) had inexplicably 
different results to the other cats in that study.
The first section (2.5.2 study 1 -  Refinement of N balance methodology) describes 
how the N balance methodology was improved. Improving data collection involved 
reducing the errors associated with evaporation from food and litter trays, and 
incorporated the design of a new purpose built litter tray. These measures resulted in 
a robust methodology for quantitating food intake and excreta collection.
This complete collection of urine and faeces was confirmed by the techniques 
described in the second section (2.5.3 study 2 -  Confirming complete excreta 
collection) by the quantitative recovery of PABA (p-aminobenzoic acid) in urine and 
chromic oxide ( C r ^ )  in faeces, and the effect on N is retention described.
The third section (2.5.4 study 3 -  Analysis of cat urine) was undertaken to investigate 
the effect of different analytical techniques on measurement of total N in cat unne. 
Most of the N balance studies to date have relied on Kjeldahl, a method known to 
underestimate total N. In this study, three different techniques were used to analyse 
total N in the same urine samples.
2.5.2 Study 1 -  Refinement o fN  balance methodology
2.5.2.1 Introduction
Several potential problems were identified during the course of the crude N balance 
study (appendix 1) that may have contributed to the high apparent N retention 
measured. This included the poor accuracy of the balance used for weighing food 
offered and refused, and as a result a new balance (TS2KV balance, Ohaus UK Ltd,
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Leicester, UK) accurate to four decimal places was purchased.
The moisture content of the diets used in the crude N balance study was high (77%) 
and evaporation was subsequently found to be considerable over the 6  hour mommg 
meal (around 1 % loss of weight) and 18 hour afternoon meal (around 6 /o loss of 
weight). Furthermore, the rate of evaporation is likely to be variable, increasing with 
increasing environmental temperatures, length of exposure to the air and air 
movement, and with decreasing DM content. There are two methods available to 
control for evaporation from food during a study; the calculation of DM intake 
freeze drying refused food for each cat, or the loss of weight from control bowls ot 
diet These were assessed below.
Problems were also identified with urine collections, and whilst thymol may be an 
adequate preservative to prevent bacterial decomposition of urinary N, it was noted 
that separation of the urine from the thymol and subsequent volumetric quantitation o 
urine was inaccurate. Subsequent studies incorporated the collection of unne onto
5mls 5M HC1, and gravimetric quantitation. In addition, the extent of loss of unne y
evaporation from the litter tray was assessed, a process that resulted in the 
development of a purpose designed tray for better collection of urine.
Storing faeces at 4°C for up to 7 days prior to freeze-drying was also hkelyto result in 
loss of some faecal N, and subsequent studies incorporated the storage of faeces at 
20°C a soon as possible after defecation.
The study detailed below was undertaken to determine the extent of evaporative loss 
from the fibreglass litter trays, and to determine the appropriate method for assessing 
evaporative loss from food fed to cats at M^ALTHAM.
2.5.2.2 Method
To establish the most appropriate method of controlling for evaporative loss from 
food fed to cats at WALTHAM, food intakes from twelve adult cats, fed one of two 
semi-purified diets, were used. The cats were offered 200g for a 6 h morning meal and 
300e for an 18h afternoon meal, the amount offered and that refused was weighed 
accurately (TS2KV balance, Ohaus UK Ltd, Leicester, UK). Intake was calculated in 
3  ways; by subtracting evaporation from a control bowl (“intake-mmus-evaporation ), 
or by calculation of DM intake, and these results were compared to those obtained 
with no account for evaporation (control). Full details of this study are documented in
appendix 2 .
To investigate the effect of evaporative loss on food intake data further, quantities of 
food varying from 10-300g were left undisturbed for either 6 h (equivalent to a 
morning meal) or 18h (an afternoon meal) and then re-weighed. This was repeated 6  
times on each of two canned diets. Full details of this study are documented in 
appendix 3.
To investigate the effect of evaporation of urine from the surface of the litter tray, 
urine collected from previous studies and stored at -20°C was defrosted and we
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mixed. Urine was used rather than water in case of any interaction with the resin 
coating on the litter tray that might affect evaporation. An aliquot was weighed 
(TS2KV balance, Ohaus UK Ltd, Leicester, UK) and poured into the clean dry 
fibreglass litter tray, that remaining in the vessel being subtracted. The urine was re­
collected into a pre-weighed standard 1 litre glass bottle for 60 seconds. The 
recovered urine was then weighed and recovery (%) calculated as urine recovered (g) / 
urine applied (g) xlOO. Tests were performed by pouring volumes similar to the 
amount produced by a cat in a single urination (65-125g) in two positions to allow for 
variability in cat behaviour. Urine was applied to the front of the litter tray, near the 
pipe into the collecting bottle, as well as at the back of the tray.
2.5.2.3 Results
Food intake was calculated for the twelve cats in each of the 3 ways above, and is 
shown graphically in figures 2.2 and 2.3 (pages 35 and 36). The data were not 
normally distributed and so Wilcoxon signed rank analysis was used to compare the 
average ranks of data above and below the median. Each pair of data (control v DM 
intake; control v intake-minus-evaporation; DM intake v intake-minus-evaporation) 
was analysed in this way. Overall, intakes corrected for evaporation by either method 
were significantly different to the control (p=0.001 for DM intake, p=0.0002 for 
intake-minus-evaporation), indicating that some control for evaporation was required. 
When compared against each other there was no significant difference (p=0.157) 
between the two methods (DM intake v intake-minus-evaporation) indicating that 
both methods of correction gave comparable results.
For the morning meal, results obtained using the evaporative control were generally 
higher than those obtained by analysis of dry matter (figure 2.2, page 35). For the 
afternoon meal, results obtained using the evaporative control were generally lower 
than those obtained by analysis of dry matter (figure 2.3, page 36). When each meal 
was analysed separately there was a significant difference between DM intake and 
intake-minus-evaporation results (p—0.038 for morning meal, p—0.003 for afternoon 
meal). This apparently anomalous result (in relation to the non-significant result 
obtained from the whole data set, above) was likely to be caused by the difference in 
amount of food offered and/or to the extent of evaporation due to length of exposure.
It was noted that evaporation of food overnight was considerable, particularly around 
the edges of the bowl. These differences resulted in different performance of the two 
methods across the two meals, and when the data set was combined, these two effects 
cancelled each other out in the signed rank test.
The effect of food quantity on evaporation was illustrated on analysis of evaporation 
from 10-300g (both diets combined, n=12 for each food sample size). In absolute 
terms, evaporation (g) was greater from larger meal sizes, although the relationship 
was curvilinear (double reciprocal model, Y=l/(a+b/X), where correlation coefficient 
=0.92, R2=84, a= 0.07, b=2.37 for the morning meal, and correlation coefficient=0.97, 
R2=94.9, a=0.02, b=l .3 for the afternoon meal). However, evaporation when 
expressed as a percentage of that offered was much greater from smaller meal sizes.
A significant relationship between food quantity and % evaporation was found in the 
form of a logarithmic model (Y=a+b*ln(X)) for both morning and afternoon meals
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(morning meal, correlation coefficient =-0.94, R2-87.43, a-51.58, b—8.46; afternoon 
meal correlation coefficient =-0.94, R2=88.1, a=110.4, b=-16.7) (figures 2.4 and 2.5, 
page 37).
The mean recovery of urine from the fibreglass litter tray was 88.26±0.98% (n=23). 
There was no significant difference (t test, t=l .95, p=0.06) between recovery from the 
two positions, with mean recovery of urine poured at the rear of the tray 86.54±1.33% 
(n=12) and at the front 90.14±1.27% (n=l 1). This suggests that cat behaviour (i.e. 
position of urination) may not affect urine recovery from these trays. However, a 
correlation was found between the amount of urine applied to the tray and subsequent 
recovery, for both samples applied at the front of the tray (simple linear regression, 
correlation coefficient 0.63, R2 39.8, p=0.04) and back of the tray (simple linear 
regression, correlation coefficient 0.7, R2 49.2, p=0.01). Being positive, these 
correlations indicate that recovery was increased with larger samples. Most of the loss 
was observed to be due to collection of urine in an indentation in the tray around the 
collecting hole, and would have been constant for all samples regardless of size or 
position of application.
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Figure 2.2: Intake of morning meal, calculated by 3 methods: Dry matter (DM)
intake, intake minus evaporative control, control intake (weigh in -  weigh out)
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Figure 2.3: Intake of afternoon meal, calculated by 3 methods: Dry matter (DM)
intake, intake minus evaporative control, control intake (weigh in -  weigh out)
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Figure 2.4: Evaporation from different quantities of food (2 diets), during 6  hour
morning meal.
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Figure 2.5: Evaporation from different quantities of food (2 diets), during 18 hour
afternoon meal.
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Figure 2.6: fibre-glass litter tray (50cm long x 17cm wide)
Figure 2.7: teflon-coated steel litter tray (61 cm long x 20.8cm wide)
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2.5.2.4 Discussion
The food intake for each cat assessed by the three methods was very variable. For 
each meal the control measure of intake was highest for all cats and for both meals, 
which would be expected since this takes no account of evaporative loss.
The analysis of DM food offered and refused is the accepted technique for accurately 
assessing intake. This is the preferred method, but in this study resulted in some 
negative values. Since it is impossible to obtain a minus intake, this represents an 
overestimation of evaporation. This was probably due to uneven evaporation, which 
was observed to be highest around the edges of the bowl resulting in a non- 
homogenous sample, despite mixing. In addition, it is not always practically possible 
to freeze dry all refused food from large numbers of cats, and in these cases the use of 
a control bowl of each diet should be used.
The intake corrected for evaporative loss of the control bowl gave consistent results, 
although it may not always be accurate, since evaporation varies with the amount of 
food remaining in the bowl. When evaporation from quantities of food ranging from 
10-300g was assessed, absolute evaporation was not a constant and increased with 
increasing meal size. However, as a percentage of that offered, evaporation was much 
greater from small quantities of food. The models that fitted these data were 
curvilinear meaning that evaporation, both absolute and as a % of food offered, did 
not respond uniformly across the range of meal sizes tested; this is likely related to the 
surface area available for evaporation. This means that the use of a single 
evaporative control bowl would be subject to error when cats consume the diet at 
different rates. For example, the correction would be over estimated by this method 
for cats that eat most of the offered food immediately upon presentation, allowing no 
time for any evaporation.
Both methods of assessing evaporative loss from food have advantages and 
disadvantages. Calculation of DM intake is the accepted methodology, but is labour 
intensive and may overestimate evaporation unless completely homogenous mixing 
can be assured. The use of control bowls is technically easier, but may produce errors 
in some cats dependent on meal patterning characteristics.
Recovery of urine from fibreglass litter trays was low at 8 8 %. This level of 
inaccuracy is unacceptable for most studies of protein metabolism, including N 
balance, where it is essential to collect all excreta, and necessitated the design of new 
litter tray. The fibreglass litter tray (figure 2.6, page page 38) was redesigned to 
incorporate an increased slope down into the collecting hole to facilitate run-off and a 
pipe fitting flush with the tray base to prevent urine pooling around the collecting 
hole. It was constructed ofPTFE (teflon) coated steel to facilitate urine movement 
into the collecting vessel and so limit evaporation from the litter tray surface (figure
2.7, page 38). Recovery tests were performed on the teflon coated tray in the same 
way as above, except that all samples were applied to the back of the tray. Mean 
recovery from this system was 99.4±0.07% (n=12).
However, whilst this study showed that recovery of urine placed in the tray from a
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bottle was high, no account was made for errors introduced by the system when in use 
by the cat. Urine recoveries from cat-urinations may be lower due to loss of urine on 
the fiir and feet. This was investigated in section 2.5.3 using recovery of p- 
aminobenzoic acid (PABA).
A further albeit small loss of N has been identified as the hair passed with faeces.
During standard WALTHAM freeze drying procedures it is usual to separate faecal 
hair, this being weighed separately during grinding of faeces for subsequent 
digestibility analysis. However, this hair should be included in the total faecal N for 
N balance, and this can be achieved by mechanically grinding the whole faeces rather 
than using a mortar and pestle, a process that facilitates separation. Analysis of faecal 
N could also be improved by freeze drying, grinding and freeze-drying again (to 
reduce moisture introduced during grinding), although again, this was not always 
practically possible.
2.5.3 Study 2 -  Confirming complete excreta collection 
Published (Russell et al., 2001a) -  see appendix 4
2.5.3.1 Introduction
Whilst evaporation of urine from the surface of collection trays can be minimised 
(above), this still leaves the as yet unquantified loss on fur or feet. The highly 
concentrated urine and faeces of the cat poses a particular problem during collection 
since any loss can have a large impact on subsequent results, a problem also identified 
in the mink (Elnif, 1992). This was addressed by assessing urinary recovery of label 
from [3H] p-aminohippuric acid or [14C] inulin that were released continually from 
implanted pumps (Wamberg et al., 1996a; Wamberg et al., 1996b; Tauson et al.,
1997), indicating urinary recovery as low as 62%. This technique was also used to 
validate a new cat metabolism cage, and recovery of urine was increased to 97% 
(Hendriks et al., 1999). However, this methodology is unsuitable for WALTHAM 
due to its invasive nature.
A suitable non-invasive, non-toxic exogenous marker for assessing completeness of 
urine collection in the cat may be p-amino benzoic acid (PABA). PABA is a 
component of folic acid that is metabolised in the liver to p-aminohippuric acid 
(PAH), N-acetyl-p-aminobenzoic acid (AcPABA), and N-acetyl-p-aminohippuric acid 
(AcPAH), all of which are excreted solely in the urine (Bingham and Cummings, 
1983; Bingham and Cummings, 1985). PABA is a more sensitive marker than 
creatinine (Bingham and Cummings, 1985), and has been a useful marker for the 
detection of incomplete urine collections in human studies, including hospital 
outpatients (Bingham et al., 1992) and free-living individuals (Bingham and 
Cummings, 1985). To date, no studies detailing the use of PABA in cats have been
published.
Collection of faeces from cats is relatively simple due to their clean toilet habits, and 
although excretion of N via this route is minimal compared to urine, it is desirable to 
collect and analyse it to confirm completeness of collection. Chromic oxide (Cr^CL)
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is a non-toxic, insoluble, particulate marker that is excreted solely in the faeces. It has 
been widely used in many species including the cat to measure gastrointestinal transit 
time and as a marker for faecal collection (Kotb and Luckey, 1972; Kane et al., 1981, 
Peachey et al., 2000). In the present study the recovery of chromium from an oral 
dose of Cr20 3  was used as a marker for completeness of faeces collection.
This study aimed to investigate the usefulness of PABA and chromic oxide as markers 
for complete excreta collection in the cat. Methodologies for administration and 
analysis are described, and the techniques applied to an N balance study in adult cats 
to assess effectiveness.
2.5.3.2 Methods
Animals: A total of 16 adult cats participated in two studies, 7 males and 9 females 
(mean age 7.2 ± SE 0.5 years, mean bodyweight 5.01 ± SE 0.3kg), with all but 5 
females being neutered. During the studies all cats were individually housed in 
environmentally enriched pens, with water freely available. The cats were exercised 
and group socialised for approximately 1 hour each day, with careful supervision to 
detect inappropriate urinations. All cats were fed a single standard commercial 
canned diet (Whiskas®, Pedigree Masterfoods), generous portions being offered at 
each of two 1 hour meals each day.
Urine and faeces collection: Before commencing the studies the cats were 
familiarised with litter trays designed to maximise recovery of urine. These were 
0.61x0.21 m in size and constructed of sheet aluminium coated with PTFE 
(Teflon™). The base sloped steeply into one comer, where a hole drained into the 
collection bottle suspended below. Recovery from this system was found to be 99.4 ± 
SE 0.07% (n=12) after a simulation exercise. Water was poured quantitatively over 
the surface of the tray and collected within 1 minute, using volumes within the range 
commonly voided by cats (e.g. 100-300ml). Recovery was unaffected by volume, rate 
of pour or positioning of the sample, and was similar when using defrosted cat urine. 
Following familiarisation, all cats demonstrated reliable urination habits using these
trays.
Urine samples were collected daily into 500 ml clear glass bottles, each containing 
approximately 5 ml 5M HC1 as a preservative. After weighing, the urine samples 
were stored at -20°C prior to analysis. Faeces samples were collected immediately 
upon defecation (between 0800h and 1600h), or as soon as possible after these hours; 
each defecation was carefully removed from the tray, weighed and stored at -20°C. 
The faecal samples were then freeze-dried, ground and freeze-dried again prior to
analysis.
PABA (free acid) was obtained from ICN Pharmaceuticals Ltd., Basingstoke, UK 
(study 1) and Sigma Aldrich Co. Gillingham, UK (study 2). Chromium (III) oxide 
(GPR) was obtained from BDH Laboratory Supplies, Poole, UK.
Study 1 (n=6 ) examined the baseline excretion of endogenous PABA, and the time- 
course of excretion of a single oral dose. Following a 7-day pre-feed of the standard
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diet, a baseline 24h urine sample was collected (day 0). A single PABA dose 
(4 mg/kgBW) was prepared in a gelatine capsule, and administered orally to each cat at 
0900h on day 1 before the morning feed. The time course of excretion of the 
administered dose was determined by collecting every urine sample produced over the 
following 72 hours. These were stored separately at -20°C prior to analysis.
Study 2 (n=10) assessed the impact of complete urine collection (PABA) and faeces 
collection (chromic oxide) upon nitrogen balance results. Following a 21-day pre­
feed of the standard diet, food intakes were recorded (assessed gravimetrically), and 
urine and faeces collected for 9 days. An oral dose of PABA (4 mg/kgBW/day) was 
administered as above at 1500h prior to feeding on days 0 , 1 , 2, 5, 6  and 7. An oral 
dose of chromic oxide (500mg C^CVcat) was administered at 0900h on day 1 and 5. 
The first dose of chromic oxide was delivered mixed in a 10g portion of the morning 
meal, but due to loss of some of the dose on the surface of the food bowl, the second 
dose was provided in a gelatine capsule prior to eating. Nitrogen balance (gN/day) 
was calculated as total nitrogen intake -  total nitrogen in urine -  total nitrogen in 
faeces.
Chemical analyses: The method for analysis of PABA in urine was adapted from 
those previously published (Bingham and Cummings, 1983; Kastel et al., 1994, Bruno 
et al., 1995; Rob et al., 1996), using alkaline hydrolysis followed by quantitation by 
high performance liquid chromatography (HPLC). A 1 ml aliquot of defrosted urine 
was mixed with an equal volume of 50% NaOH and autoclaved for 2 hours at 121 C.
A number of other reagents were evaluated for hydrolysis (8 M NaOH, 50% HC1, 
concentrated HC1), but 50% NaOH was chosen as it gave the cleanest chromatograms 
and highest recoveries (Bingham and Cummings, 1983).
Following hydrolysis, 50pl of hydrolysate was added to 950pl glacial acetic acid 
(CHgCOOH), and PABA concentration was determined by HPLC (Hewlett Packard 
1050, comprising quaternary pump, autosampler, variable wavelength UV detector, 
heated column compartment) using the column and conditions described in Table 2.3 
(page 46). Samples and standards (5pg/ml PABA) were injected on to the column in 
duplicate and results were calculated from peak areas using the ‘bracketing’ 
technique.
The repeatability of this method was determined by multiple preparation and analysis 
(n=5 ) of 2  samples, which resulted in a whole method c.v. (coefficient of variation) of 
3.53% and 2.79% respectively. A recovery test was also performed by the addition of 
a known amount of PABA standard to urine samples that had been analysed 
previously. Recovery of PABA from these spiked samples following hydrolysis was 
107.7 ± SE 2.5% (n=6 ).
For each cat PABA recovered in the urine was divided by PABA administered in the 
dose, and multiplied by 1 0 0  to provide a recovery (%).
The chromium content of freeze-dried faeces was determined by acid digestion 
followed by inductively coupled plasma atomic emission spectrometry (ICP-AES). A
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sample of faeces, 0 .2 -0 .5 g, depending on the amount of chromic oxide present (green 
colouration), was ashed in a muffle furnace at 550°C overnight (approximately 16 
hours). The ashed residue was heated with a mixture of 5ml concentrated nitric acid 
and 5 ml concentrated sulphuric acid to mineralise and dissolve the chromium present. 
The samples were diluted to 50ml with water and centrifuged (2000 revolutions per 
minute for 10 minutes). The concentration of chromium in the supernatant was 
measured by ICP-AES using a Thermo-Jarrell-Ash Atomscan 25 at 206.149nm 
wavelength. For each cat, the chromium content of faeces was divided by the 
chromium administered in the dose (dose multiplied by 0.684; that proportion of 
chromic oxide which is chromium) and multiplied by 1 0 0  to provide a recovery (%).
The nitrogen content of the diet, urine and faeces (study 2) were determined by the 
Dumas procedure using an automated Leco FP428 analyser (The Leco Corporation, 
Saint Joseph, Michegan, USA).
All analyses performed by Central Nutrition Laboratory, Pedigree Masterfoods,
Melton Mowbray, UK. Results are expressed as mean ± SE.
2.5.3.3 Results
Study 1: The endogenous excretion of PABA in the cat was minimal, with all day 0 
samples (baseline) containing <0.05pg/ml PABA (data not shown), and confirming 
that cats do not naturally excrete this marker. Overall, 99 ± 2% of the dose was 
recovered over 72 hours, with the majority being excreted within the first 24 hours 
(88.5 ± 1.8%). Four of the cats urinated at 6  hours, and PABA excreted at this time 
point constituted 82.4 ± 1.9% of the dose (Table 2.4, page 47).
Study 2: Mean recovery of PABA was 94.4 ± 8 .8 % (Table 2.6, page 49), although 
there was one outlier (cat 10, Table 2.6, page 49) that had a very low PABA recovery 
of 28%. Excluding this outlier, mean PABA recovery of the remaining cats was 101.8
± 5.4%.
The chromium content of baseline faeces samples was negligible (<lmg per cat, data 
not shown). Overall, total mean recovery of chromium was 90 ± 3.1% (Table 2.7). 
Recovery of dose 1 was 76.4 ± 3.2% whilst recovery of dose 2 was 105.6 ± 4.6% 
(Table 2.7, page 50).
Bodyweight changes during study 2 were minimal (-1.7 ± 0.8% of starting 
bodyweight, individual data not shown), which is a pre-requisite for accurately 
determining nitrogen balance. Mean nitrogen balance was 1.3 ± 0.3gN/d, although 
there was one outlier. The outlier had a very large positive N balance (cat 10, Table 
2 .5 , page 48) in comparison to the other cats, probably due to incomplete urine 
collection since PABA recovery from this cat was only 28% (cat 10, Table 2.6, page 
49). Excluding this outlier, mean nitrogen balance was 1.08 ± 0.2 gN/day.
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2.5.3.4 Discussion
P ABA has been used extensively in human studies as a marker for complete urine 
collection (Bingham and Cummings, 1983; Bingham and Cummings, 1985; Knuiman 
et al., 1986; Bingham et al., 1992), since it is harmless, completely excreted in urine 
and easy to measure. Measurement of plasma PABA has also been used to assess 
exocrine pancreatic function following administration of the peptide N-benzoyl- 
tyrosyl-PABA (e.g. Bruno et al., 1995), since hydrolysis of the peptide by 
chymotrypsin is the rate limiting step for subsequent PABA absorption.
In the human, PABA is excreted rapidly, 99% of the dose being recovered in urine at 
6  hours (Bingham and Cummings, 1983). This necessitates multiple dosing each day 
during human studies, to ensure that some PABA is present in all samples over a 24- 
hour period. Excretion of a single dose in cats was only 82% complete at 6  hours, and 
only 89% complete after 24 hours (Table 2.4, page 47), and so a single dose per day is 
adequate in this species. Since excretion is slower in the cat than in humans, it is 
necessary to provide sufficient time at the end of the study to recover all the PABA 
from the final dose. The collection period at the end of study 2 was reduced with 
collection finishing 42h after the final PABA dose. This would decrease the recovery 
of PABA in study 2 although 94-96% of the dose would be excreted at this time 
(Table 2.4, page 47).
Following absorption PABA is metabolised in the liver to acPAH and acPABA.
Some glucuronide may also be formed, the proportion of the different metabolites 
being affected by several factors including diet and size of dose (Drucker et al., 1964). 
The slower excretion of PABA in the cat compared to the human may be due to 
differences in absorption, renal function or hepatic metabolism of PABA.
In the human, it has been suggested that urinary recovery of PABA <85% be deemed 
incomplete (Bingham and Cummings, 1983). Most of the samples in both cat studies 
were therefore complete, with PABA recovery in study 1 ranging from 91 to 103% 
(Table 2.4, page 47), and in study 2 from 82 to 123% (Table 2.6, page 49). Recovery 
of PABA in study 2 was quite variable and generally higher than study 1. This may be 
due to inaccuracies in preparation of the dose or in analysis of metabolites in urine. 
However, it is likely that small amounts of urine would be lost from all samples, both 
by evaporation from the litter tray (0 .6 % of the urine volume) and loss on fur or feet. 
Recoveries >100% may indicate analytical variability, although differences between 
studies 1 and 2  include the timing and source of the dose and different cats used.
One cat (cat 10, Table 2.6, page 49) gave a very low recovery of PABA, and it can be 
concluded that this cat probably urinated outside the collection tray, although despite 
careful observation during the study this was not detected. The resulting nitrogen 
balance was subsequently very high (cat 10, Table 2.5, page 48), a result which would 
have been hard to explain without the accompanying PABA recovery check. 
Assuming that only 28% of urine was collected from this cat (Table 2.6, page 49), 
correction of the urine nitrogen resulted in a corrected nitrogen balance o f-1.35 
gN/day. Since the other cats in study 2 were in slightly positive nitrogen balance
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(Table 2.5, page 48), this probably represents a small over-correction. This may be 
due to irregular urination patterns, since loss of urine within 6  hours of the dose would 
contain more PABA than urine lost later in the collection period (Table 2.4, page 47). 
Although it is not possible to correct urinary nitrogen for PABA recovery using our 
methodology, the use of a single oral dose of PABA is useful to detect lost samples 
and it is vital to include this check to help explain unexpected results. Losses from a 
24h urine collection can, however, be corrected for by the constant infusion technique 
reported previously (Wamberg et al., 1996b).
To confirm a complete faeces collection recovery of chromium from an oral dose of 
chromic oxide has been used in many species (Kotb and Luckey, 1972), and applied to 
the cat in the current study. The first dose of chromic oxide was administered mixed 
in a small portion of food. However, loss of marker on the surface of the food bowl 
was obvious due to its green colour, and was reflected in the low recovery of dose 1 
(Table 2.7, page 50). An alternative method was to administer chromic oxide by 
mixing the dose in the whole meal and calculating the actual dose from the amount of 
food ingested. However, to provide a constant dose, the second dose of chromic 
oxide was administered in a gelatine capsule. This resulted in better recovery (Table
2.7, page 50), although in many cases recovery of dose 2 was >100%. This may be 
due to carry-over of dose 1 into the dose 2  collection period, and may illustrate slow 
faecal transit time. Whole gut transit time has been determined to be between 26.5 
and 48 hours in the cat (Fucci et al., 1995; Peachey et al., 2000), although this is very 
dependent on the method used for measurement. For example, Peachey and workers 
(Peachey et al., 2000) used the peak excretion of chromic oxide, whilst a longer transit 
time was measured using 80% evacuation of pieces of plastic as markers (Fucci et al.,
1995).
Two of the cats (cat 12 and 13, Table 2.7, page 50) had lower chromium recovery than 
the other cats. This was not due to poor faeces consistency, and indicates loss of some 
sample in some other undetected way, possibly on feet, fur or bedding. Coprophagia 
is a further possibility but is uncommon in cats.
It is concluded that oral administration of PABA is a useful tool for assessing the 
completeness of urine collection in cats over 72h. Although multiple doses of PABA 
cannot be used to correct urine collections for lost samples, this technique proved 
useful to detect gross losses caused by inappropriate urination. The high and variable 
nature of PABA recovery in study 2 warrants further investigation, as does the slower 
excretion of PABA by the cat compared to the human. The use of chromic oxide 
provides a good measure of complete faecal collection, although the slow 
gastrointestinal transit times in cats should be considered when faecal collections are 
required in multiple dosing studies, again leaving adequate time for excretion after the 
last dose. As the results of this study demonstrate, the accuracy with which excreta is 
collected can have a significant impact on the results of studies such as nitrogen 
balance.
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Parameter Setting
flow 1 ml/mm
column 250 x 4.6mm 4 pm Genesis C l8 (Jones Chromatography, Hengoed, 
Glamorgan)
column temperature 25°C
injection volume 20 pi
wavelength 266nm
analysis stop time 15 minutes
eluent 1 5.5g CHsCOONa.SHiO +900mls HPLC water, adjusted to pH3, then 
25mls methanol added
eluent 2 100% methanol
elution gradient 0-6 mins -100% eluent 1 
6-10 mins - 100% eluent 2 
10-15 mins - 100% eluent 1
Table 2.3 : HPLC conditions for analysis of PABA in cat urine.
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PABA dose PABA excreted
(mg) (cumulative % of dose)
0 hrs +6 hrs +24 hrs +28 hrs +48 hrs
1 21.8 84.4 90.4 95.0 98.2
2 24.0 82.9 95.4 98.3 99.6 102.5
3 22.3 82.5 86.5 89.7 91.5
4 19.5 87.7 94.4 99.5 102.6
5 15.5 76.8 89.7 93.5 95.5
6 19.2 85.4 95.8 101.0 103.6
Mean 20.4 82.4 89.1 93.8 96.4 99.0
SE 1.2 1.9 2.1 2.5 1.8 2.0
Table 2.4: Study 1 : excretion characteristics of PABA up to 72 hours following a
single oral dose.
All cats did not urinate at every time point.
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Cat Total intake 
gN
Total urine gN Total faeces 
gN
Days of study N balance 
gN/day
7 28.28 20.43 2.15 8 0.71
8 67.74 45.63 6.70 9 1.71
9 53.26 43.24 4.10 9 0.66
10* 51.12 16.31 5.02 9 3.31
11 54.11 32.57 5.42 9 1.79
12 36.32 27.46 2.62 9 0.69
13 53.98 34.37 4.90 9 1.64
14 36.29 25.84 3.09 9 0.82
15 33.84 23.23 2.76 9 0.87
16 43.41 31.65 4.04 9 0.86
Mean 45.8 30.1 4.1 8.9 1.3
SE 3.9 3.0 0.5 0.1 0.3
Table 2.5: Study 2: Nitrogen balance results.
♦outlier . .
Cat 7 started the study late as it replaced another with poor urination habits.
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Cat PABA total dose 
mg
PABA in urine 
mg
Recovery
%
7 81.8 67.9 83.1
8 181.6 194.3 107.0
9 144.1 131.3 91.1
10* 198.5 56.1 28.3
11 60.1 71.9 119.7
12 137.7 145.3 105.5
13 97.3 84.9 87.2
14 89.0 109.8 123.3
15 108.0 125.9 116.6
16 133.0 109.6 82.4
Mean 123.1 109.7 94.4
SE 14.0 13.3 8.8
Table 2.6: Study 2: Recovery of PABA following multiple dosing during the
nitrogen balance study.
* outlier
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Cat
Dose 1 
administered 
chromium (g)
Dose 2 
administered 
chromium (g)
Dose 1 
excreted 
chromium 
(g)
Dose 2 
excreted 
chromium 
(g)
Recovery 
of dose 1 
%
Recovery 
of dose 2 
%
Total
recovery
chromium
%
7 0.42 0.32 0.37 0.37 88.30 115.60 100.1
8 0.43 0.33 0.36 0.36 82.80 107.50 93.60
9 0.40 0.30 0.30 0.30 75.40 99.80 85.70
10 0.33 0.33 0.27 0.39 82.95 118.45 100.67
11 0.36 0.31 0.23 0.34 65.98 109.82 86.40
12 0.33 0.34 0.19 0.34 58.39 100.04 79.70
13 0.34 0.34 0.24 0.25 69.75 73.01 71.37
14 0.34 0.30 0.26 0.38 75.15 126.29 99.10
15 0.38 0.30 0.34 0.32 90.43 107.86 98.18
16 0.38 0.32 0.29 0.32 74.86 97.80 85.37
Mean 0.4 0.3 0.3 0.3 76.4 105.6 90.0
SE 0.0 0.0 0.0 0.0 3.2 4.6 3.1
Table 2.7: Study 2: Recovery of chromium from two doses of chromic oxide
during the nitrogen balance study.
Total recovery calculated from complete data set i.e. total administered (doses 1+2) /  amount 
recovered over study 2.
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2.5.4 Study 3 - N  analysis o f cat urine
2.5.4.1 Introduction
The measurement of total N is a prerequisite for the determination of N balance.
Once the amount of food ingested, and amount of urine and faeces excreted has been 
recorded, the analysis of N concentration allows calculation of total N in each. It is 
therefore of paramount importance that the analysis of N should be reliable and 
accurate. There are three techniques for measuring the N content of a compound 
based on different chemical principles; Kjeldahl, Dumas and chemiluminescence. The 
choice of method is dependent on many factors, including availability, but the features 
of each method should be considered:
Kjeldahl is traditionally the most important method, developed by a Danish chemist, 
JGC Kjeldahl in 1883. The procedure is hazardous and only measures organic forms 
ofN.
The Dumas procedure was developed by a French chemist, JBA Dumas in 1830. 
Although it pre-dated the Kjeldahl technique by about 50 years, the Dumas technique 
has only recently found universal favour with analysts. This technique measures 
organic and inorganic sources of N and so may provide a more accurate measurement 
of total N.
A third method for analysing N is by chemiluminescence. The method is not widely 
available due to the high initial cost of purchase of the specialised analyser, but is a 
very sensitive method ideal for low N levels, and measures all sources of N.
The technique most widely used for analysing total N for N balance studies has been 
Kjeldahl. However, this will underestimate total N in biological samples since it does 
not measure inorganic forms of N. Inorganic forms of N include nitrate and nitrite, 
and the contribution to total N will vary with sample type. This has implications for 
all N balance studies analysed using Kjeldahl. All N analyses in the current thesis 
utilised the Dumas procedure using an automated Leco FP428 analyser (The Leco 
Corporation, Saint Joseph, Michegan, USA). However, since the N balance studies 
used to determine the protein requirement of the cat used Kjeldahl (section 2.4,
(Miller and Allison, 1958 96; Greaves and Scott, 1960; Burger et al., 1984)), it was of 
interest to assess the effect of choice of analysis technique on total N measurement in 
cat urine.
4.6.3.1 Methods
Eighteen random urine samples were collected into 500 ml clear glass bottles, each 
containing approximately 5ml of 5M HC1 as a preservative. After weighing, the urine 
samples were stored at -20°C prior to analysis. After defrosting, the samples were 
analysed by each of 3 methods:
Kieldahl analysis (analysis performed by ADAS, Wolverhampton, UK) Samples were 
digested manually by boiling with concentrated sulphuric acid in the presence of
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potassium sulphate and copper sulphate catalyst. This converted all organic N to 
ammonia that was trapped as ammonium sulphate then liberated by the addition ot 
sodium hydroxide. The ammonia was removed by semi-automated steam distillation 
with automatic titration (Kjeltec 1030, Foss Tecator, Hoganas, Sweden). The 
ammonia was trapped into boric acid and titrated with hydrochloric acid using 
bromocresol green/methyl red as an indicator allowing calculation of the N content of
the sample.
Pumas analysis (analysis performed by Central Nutrition Laboratory, Pedigree 
Masterfoods, Melton Mowbray, UK), using an automated Leco FP428 analyser (The 
Leco Corporation, Saint Joseph, Michegan, USA). The sample was combusted m a 
very hot furnace (850°C) and flushed with pure oxygen to promote rapid combustion. 
The products of combustion (mainly carbon dioxide, water, nitrous oxide and 
nitrogen) were passed through a thermoelectric cooler and magnesium perchlorate to 
remove water. The remaining gasses were passed over hot copper (to remove oxygen 
and convert nitrous oxide to nitrogen) and following removal of carbon dioxide (by 
sodium hydroxide on an inert carrier), the N was measured by thermal conductivity.
This method of measuring the N is different to that used in the original Dumas 
method, which measured evolved N2 by volume (Sweeney and Rexroad, 1987).
Chemiluminescence (analysis performed by Central Nutrition Laboratory, Pedigree 
Masterfoods, Melton Mowbray, UK) using a Mitsubishi TN05 total nitrogen analyser 
(Mitsubishi Chemical Corp., Tokyo, Japan). The sample was pyrolised (decomposed 
by heating) at 800°C in the presence of oxygen and a platinum catalyst, converting all 
chemically bound N to nitric oxide. After drying, the nitric oxide was reacted with 
ozone to produce excited nitrogen dioxide. Rapid decay of the nitrogen dioxide 
produced light (chemiluminescence) that was then quantitated.
All results were converted to g/100g to allow comparison, and expressed as mean 
± SE.
4.6.3.2 Results
The mean (n=18) N content of the urine samples measured by the 3 methods was 2.38 
± 0.25g/100g (Dumas), 2.63 ± 0.28g/100g (chemiluminescence) and 2.79 
± 0.29g/100g (Kjeldahl).
The data (appendix 5 and figure 2.8, page 53) were not normally distributed and so 
Wilcoxon signed rank analysis was used to compare the average ranks of data above 
and below the median. Each pair of data (Dumas v Kjeldahl, Kjeldahl v 
chemiluminescence; chemiluminescence v Dumas) was analysed in this way. The N 
result obtained by the Dumas method was significantly different to that obtained by 
Kjeldahl (p<0.001) or chemiluminescence (pO.OOl). There was also a significant 
difference between the results obtained by Kjeldahl and chemiluminescence 
(p=0.021). This meant that there was a significant difference between all the methods, 
with Dumas < chemiluminescence < Kjeldahl.
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Figure 2.8: Analysis of urinary N by 3 methods: Kjeldahl, Dumas and
chemiluminescence.
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The magnitude of these discrepancies became apparent when assessing likely impact 
on a N balance study. If the 3 mean results are applied to a typical cat 24h urine 
volume of 150 ml, the total urinary N varies from 3.57g (Dumas) to 4.19g (Kjeldahl). 
Over a 7d urine collection this is a difference of 4.34g of the measured urinary N.
2.5.4.4 Discussion
The 3 methods (Dumas, Kjeldahl, chemiluminescence) gave different results in the 
measurement of total N in cat unne with Kjeldahl > chemiluminescence > Dumas. It 
is not known why there is lack of agreement between the 3 methods, although the 
discrepancy is likely to include inter-laboratory variation as well as inherent 
differences between the methods.
The finding that Kjeldahl gave higher results than the Dumas method is surprising 
since the former would be expected to measure organic N and not total N. This was 
not the case when the two methods were used to compare N results from animal 
feedstuffs, when Kjeldahl gave significantly lower results than Dumas (Sweeney and 
Rexroad, 1987). This may be due to differences in sample type or laboratory 
variation. However, the two methods were comparable when used to analyse dairy 
samples across 11 different laboratories (Wiles et al., 1998).
Parity between chemiluminescence and Kjeldahl for the analysis of human urine 
(Konstantinides et al., 1988; Skogerboe et al., 1990) and rat urine (Ward et al., 1980) 
was reported earlier, but is not supported by the current results.
Further work is required on the choice of methodology for determining total N in cat 
urine. This should include careful calibration of all methods, particularly if these are 
sited in different laboratories. Calibration of the three methods would require extreme 
care, since the choice of the calibrant would be critical. In order for Kjeldahl to 
measure the N in calibrant effectively would require a pure source of organic N.
2.5.5 Conclusions -  recommendations for N  balance studies
N balance is a problematical technique that requires high attention to all detail. The 
work detailed in chapter 2 aimed to refine the methodology for use at WALTHAM, 
when such close attention to detail would benefit any study incorporating food intake 
or excreta collection.
Potential problems identified included unsuitable equipment (balance, litter trays) and 
practices (freeze drying of faeces) as well as identifying sources of inaccuracy due to 
evaporation from both food and urine. The measures necessary to overcome these 
included purchase or design of new equipment (balance and litter tray respectively), 
minimisation of evaporative losses and assessment of completeness of excreta 
collection using quantitative collection of inert markers in urine and faeces. These 
improvements in methodology have been incorporated into guidelines for future N 
balance studies at WALTHAM (appendix 6 ).
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Chapter 3 Urea Kinetics
3.1 Introduction
In the adult (non-growing) animal, the major mechanism for maintaining N balance in 
response to ingestion of varying amounts of N must be to alter N excretion. Thus, 
changes in N excretion represent an adaptation to dietary protein intake and are 
achieved as a result of adaptation in urea cycle activity (Waterlow, 1999), and changes 
in urea partitioning within the body (Jackson, 1983). Although these processes have 
been well studied in many mammals (including human, ruminants, and rodents), there 
has been little work in vivo to date in the cat. In fact, studies in vitro suggested that 
cats would be different to every other mammal studied in that they appeared unable to 
adapt their ureagenesis sufficiently to N intake (Rogers et al., 1977).
This chapter first describes the adaptation of N excretion to N intake shown in most 
mammals, before examining the available cat data and some peculiarities of feline 
urea cycle function. A study of urea kinetics in the cat was undertaken, and the results 
are discussed with respect to similar studies in other species, and with particular 
emphasis on the implications for the protein requirement of the feline.
3.2 The excretion o f  nitrogenous waste
Removal of amino groups (NH2") and other N atoms from amino acids not required 
for protein gain, releases the carbon skeleton for further metabolism that includes the 
synthesis of fatty acids, glucose, ketone bodies or C 02. However, the fate of the 
amino group is important due to its readiness to reduce to ammonia (NH3) which is 
toxic to the nervous system of most mammals at blood levels greater than about 
O.OSmM (Meijer et al., 1990). It is therefore essential to convert the amino group into 
a less toxic substance prior to excretion. Animals excrete three main N products; 
ammonia, urea and uric acid, as well as a range of minor products including hippurate, 
guanine, creatine, creatinine, amino acids and a small amount of protein. The 
proportion of each N product excreted varies, and has been subject to adaptation due 
to environmental and developmental pressures.
Some aquatic invertebrates and vertebrates utilise the abundance of water in their 
habitat as a diluent and excrete ammonia directly (ammonotelic = excreting most N as 
ammonia). However, terrestrial animals have adapted to life on dry land by 
converting the ammonia to urea, which is then excreted in a small amount of liquid 
urine. These ureotelic (= excreting most N as urea) animals include most mammals, 
elasmobranchs, and adult amphibia, but exclude those living in habitats such as 
deserts, where water is at a premium. Such habitats require the conservation of all 
available water, and animals adapted to these habitats convert ammonia to uric acid 
(C5H4O3N4), which is excreted as a solid. The evolution of an animal as ureotelic or 
uricotelic may also be influenced by embryonic development, with many uricotelic 
animals developing from a cleidoic egg. Cleidoic eggs are completely closed with no 
exchange with the environment to facilitate excretion and a very limited water reserve. 
Uricotelic (= excreting most N as uric acid) animals include reptiles and desert 
rodents, as well as birds and insects.
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The cat is a ureotelic mammal, although originating from the desert it has retained a 
considerable ability to conserve water and excretes very concentrated urine. Cat urine 
may contain up to 5% N (compared to about 0.7% N in human urine), of which 
around 70% is urea N.
Urea, CO(NH2)2  is a small molecule (MW 60.06), formed in the liver by a series of 
enzymatic reactions known as the Krebs-Henseleit ornithine (urea) cycle (figure 3.1, 
page 57). The urea cycle disposes of potentially toxic amino groups arising from both 
dietary protein (in the fed state) and lean tissue catabolism (in the post-absorbtive 
state). N atoms may also enter directly as NHg from the diet, or from microbial 
fermentation in the gut.
A transamination reaction is the first step, when hepatic cytosolic ot-ketoglutarate 
accepts an amino group from an incoming amino acid, catalysed by an 
aminotransferase, and resulting in the formation of glutamate. The glutamate then 
contributes to the urea cycle by two routes; transdeamination and transamination, both 
routes being integral to the functioning of the cycle, and incorporating two N atoms 
into each cycle.
Glutamate entering the transdeamination route is transported into the mitochondrion 
by a glutamate carrier where it is deaminated to form a-ketoglutarate and ammonium 
ion. The ammonium condensates with bicarbonate to form carbamoyl phosphate, 
which enters the urea cycle. Glutamate entering the transamination route donates an 
amino group to oxaloacetate forming aspartate that then enters the urea cycle.
Carbamoyl phosphate from the transdeamidation route reacts with ornithine to yield 
citrulline. Aspartate from the transamination route condenses with the citrulline to 
form arginosuccinate, which is cleaved to produce arginine (and fumarate). The 
arginine is hydrolysed to urea and ornithine, the latter being released for further 
reaction with carbamoyl phosphate.
3.2.1 Ureagenesis and pH  homeostasis
The urea cycle, so important in the excretion of N is also important in pH 
homeostasis. The catabolism of protein liberates bicarbonate (HC03"), and in air 
breathing animals this is potentially alkalotic (since only C 0 2 can be excreted via the 
lungs). In utilising N tV , ureagenesis releases the proton from this weak acid, which 
is then available to neutralise the bicarbonate and guard against alkalosis. Examining 
the urea cycle from a pH homeostasis perspective, as much N H / as is needed for pH 
homeostasis is converted to urea, the remainder converted to glutamine. The 
production of urea : glutamine is shifted dependant on the pH conditions.
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This system is regulated by an intercellular glutamine cycle. Simultaneous operation 
of hepatic periportal glutamine degradation and perivenous glutamine synthesis results 
in continual regeneration of glutamine. Changes in enzyme activity of this cycle due 
to changes in pH results in a net increase of glutamine production during acidosis or 
net decrease of glutamine production during alkalosis (Haussinger et al., 1985).
This means that when body pH rises (alkalosis), glutamine synthesis decreases, and 
the incorporation o fN tV  into urea increases to remove the excess bicarbonate. This 
results in an increase in the ratio urinary urea: NH4 . During acidosis, there is a switch 
from ureagenesis to glutamine synthesis, and the body excretes more N as NH4 , 
allowing it to retain the HC03'to  neutralise the excess protons (Meijer et al., 1990) 
and resulting in a reduction in the urinary ratio urea: NHt+.
The regulation of ureagenesis would therefore appear to have two possible control 
mechanisms; ureagenesis is increased in response to elevated ammonia load and in 
response to the need to dispose of bicarbonate. Both these situations arise from the 
ingestion of protein but, as yet, the primary regulatory mechanism (and so function) 
for ureagenesis remains the subject of much discussion. For example, it has been 
suggested that deleterious effects are much more serious with increased bicarbonate 
than increased ammonium and therefore the primary role for the urea cycle must be 
pH homeostasis (Atkinson and Bourke, 1985). However, ureagenesis in rats was not 
affected by metabolic acidosis, or by a bicarbonate load, suggesting that the urea cycle 
was not responding to acid-base balance (Halperin et al., 1986). This then supports 
the view that the primary role for the urea cycle is in N homeostasis, with any effect 
on pH homeostasis a bonus.
3.3 Ornithine metabolism in the cat
The urea cycle is common to all ureotelic animals, and ornithine is an important 
intermediate necessary for ureagenesis. Most adult animals convert large amounts of 
glutamine in the small intestine to ornithine, this then being further converted to 
citrulline and arginine before ornithine regeneration in the hepatic urea cycle. 
However, carnivores show a peculiarity of metabolism in that additional arginine must 
be provided in the diet. This was evident during studies to elucidate the amino acid 
requirements of the cat (Morris and Rogers, 1978b; Morris and Rogers, 1978a) and 
was later demonstrated in the young ferret (Deshmukh and Shope, 1983). Adverse 
reactions to an arginine-free diet were also described in the growing mink, although 
the exact cause was not identified (Leoschke and Elvehjem, 1959). Morris and 
workers (Morris and Rogers, 1978b) reported ammonia intoxication in near-adult cats 
(the age was not given, but bodyweights were > 1 .6 kg) fed a semi-purified diet 
deficient in arginine. This life-threatening condition resulted from eating a single 
meal of the arginine-free diet.
Most adult mammals can synthesise sufficient arginine for their needs. However, 
whilst cats possess the enzymes necessary for arginine synthesis, this is insufficient in 
vivo to supply ornithine for the urea cycle (Levillain et al., 1996). Inadequate 
ornithine results in an accumulation of carbamoyl phosphate which overflows to the 
cytosol, resulting in the formation of orotic acid that is then excreted in the urine of
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kittens fed arginine-deficient diets (Costello et al., 1980). Inadequate levels of urea 
cycle intermediates were subsequently confirmed in adult cats by measuring the 
hepatic concentration of ornithine, citrulline and arginine after an arginine-free meal 
(Stewart et al., 1981).
This suggested cats lacked the ability to synthesise ornithine/citrulline, rendering them 
completely dependent on dietary arginine to provide intermediates for the urea cycle.
In the absence of dietary arginine, the urea cycle is inactivated and catabolism of 
amino acids present in the meal results in a build up of ammonia, with symptoms in 
severely affected animals of deep coma, bradypnea and cyanosis, and death within 
several hours. Hyperammonaemia would not arise in the fasted state or if the cat 
should eat a protein-free diet, since the amino acid profile of body-protein undergoing 
catabolism would include arginine. This must be sufficient to cope with the 
endogenous load, but ingestion of dietary amino acids in the absence of further 
arginine may exceed the capacity of endogenous arginine. This dependence on dietary 
precursors for the ornithine cycle is interesting, since theoretically the intermediates 
should be regenerated due to the cyclical nature. This may indicate a drain into other 
metabolic pathways.
The provision of the urea cycle intermediates ornithine (Morris and Rogers, 1978a; 
Morris and Rogers, 1978b) or citrulline (Morris et al., 1979) protects against 
hyperammonaemia.
It was subsequently demonstrated in vitro that enzymes in the pathway of ornithine 
synthesis (figure 3.2, page 61), were at low levels in the cat (Morris, 1985; Rogers and 
Phang, 1985). The inability of the cat to synthesise ornithine de novo was confirmed 
using homogenised small intestinal mucosal preparations prepared from adult cats and 
rats to compare pyrroline-5 -carboxylate (P-5-C) synthase activity (Rogers and Phang, 
1985), although this activity is now known to be provided by 2  enzymes (see figure 
3.2, page 61). P-5-C synthase is responsible for conversion of glutamate to glutamic- 
y-semialdehyde, the direct precursor of ornithine (see figure 3.2, page 61). Activity of 
P-5-C synthase was determined by incubating the mucosal homogenate with [U-14C] 
glutamate, in the presence of P-5-C reductase (EC 1.5.1.2) and cofactors, and 
measuring recovery of labelled proline, the end product of the reaction between P-5-C 
and the reductase. The P-5-C synthase activity of the cat per kg bodyweight was 
found to be only 5 % that of the rat, due both to lower enzyme levels (per g mucosa) as 
well as a relatively shorter gastrointestinal tract. During the validation of this assay, 
the workers also demonstrated low (23%) activity (per gram mucosa) of ornithine oxo 
acid aminotransferase (EC 2.6.1.13) compared to rat.
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Other studies have measured the activity of cat enzymes in the pathway of 
omithine/citrulline synthesis and compared these to published rat values (Rogers et 
ah, 1977; Stewart et ah, 1981; Morris, 1985). The results for ornithine oxo acid 
aminotransferase (EC 2.6.1.13) are in agreement with the findings above (Rogers and 
Phang, 1985), and findings also suggested low activity of carbamoyl phosphate 
synthase (CPS; EC 6.3.4.16) and ornithine carbamoyltransferase (EC 2.1.3.3) (Rogers 
et al., 1977; Stewart et al., 1981), although a low activity of CPS would render cats 
with a limited ability to synthesise urea. However, comparison between different 
studies can be difficult, because the assay used and environmental conditions may 
affect values obtained for absolute enzyme activities. The diet fed to the rats used for 
comparison should also be considered, because rat hepatic enzymes are known to 
adapt to the prevailing diet (Schmike, 1962). Thus, whilst cat enzyme activities were 
found to be lower than previously determined rat values (Rogers et al., 1977), this was 
using values for cats fed a 70% (700g/kg) protein diet, compared to rats fed a 80-90% 
(800-900g/kg) protein diet. This is an abnormally high protein intake for a rat (diets 
are more usually around 16% protein), and it might therefore be expected that the rat 
values would be higher than the cat values.
Taken together though, it is probable that when measured in vitro, many of the cat 
enzymes in the pathway of omithine/citrulline synthesis have lower activity compared 
to the rat. This means that the cat cannot synthesise sufficient ornithine and must 
therefore rely on dietary arginine to provide this intermediate. Furthermore, there is 
then poor conversion of ornithine to citrulline in the cat, supported by the finding that 
kittens fed an arginine-fiee diet supplemented with citrulline grow better than those 
fed an arginine-free diet supplemented with ornithine (Morris et al., 1979).
The peculiarity of ornithine metabolism in carnivores may be explained by a lack of 
evolutionary pressure (MacDonald et al., 1984). Since the diet of carnivores is 
necessarily of a high protein (and high arginine) content, there has been no need to 
synthesise additional ornithine.
3.4 Regulation o f  the urea cycle
Urea cycle activity is regulated such that hepatic ammonia levels are maintained at a 
constant level (0.7mM in the human liver (Powers and Meister, 1982)). This is 
necessary since the diet of most animals differs in the absolute intake, proportion and 
quality of protein, all of which would result in fluctuations in ammonia load.
Such adaptive characteristics were demonstrated in vitro for the rat urea cycle 
enzymes (Schmike, 1962). Liver homogenates from growing rats previously fed for 2 
weeks on diets containing 15, 30 or 60% protein (150-600g/kg casein) were assayed 
for activity of CPS (EC 6.3.4.16), ornithine carbamyoltransferase (EC 2.1.3.3), 
argininosuccinate synthase (EC 6.3.4.5), argininosuccinate lyase (EC 4.3.2.1) and 
arginase (EC 3.5.3.1). The activity of all the enzymes increased (units of activity per 
g liver) as the protein content of the diet increased. Similar adaptive changes are 
shown by the hepatic enzymes that make amino groups available for entry into the 
urea cycle; alanine aminotransferase (EC 2.6.1.2), aspartate aminotransferase (EC 
2.6.1.1) and glutamate dehydrogenase (EC 1.4.1.2) (Das and Waterlow, 1974).
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The time-course of changes in enzyme activity is in the order of days. In the study of 
Schmike (Schmike, 1962), it took 4-8 days to complete the change in enzyme activity. 
However, Das and Waterlow (Das and Waterlow, 1974) found new levels of enzyme 
activity in liver homogenate were established after 30 hours on a new diet, when 
dietary protein intake was increased from 45 to 135g/kg or decreased from 135 to 
45g/kg. This coincided with changes in urinary N (decreased urinary N when dietary 
protein decreased; increased urinary N when dietary protein increased), supporting the 
idea that changes in enzyme activity were integral to the maintenance of N balance.
Changes in enzyme activity can be achieved in several ways, constituting short-term 
control or long term adaptation.
3.4.1 Short-term control o f  ureagenesis
Short-term control of ureagenesis is effected by alterations in the amount of substrate 
available for the enzymes, and results in changes in enzyme activity. This is a very 
effective and simple control, with more ammonia resulting in more intermediates, and 
hence greater activity of the cycle. The capacity of an enzyme to increase reaction rate 
on provision of increased substrate depends on the potential for saturation of the 
active sites with the substrate. The concentration of substrate when half the active 
sites are occupied is known as the Km, with a low value indicating a high affinity for 
the substrate by the enzyme and, hence, less capacity for increasing the reaction. The 
presence of co-factors can also alter enzyme activity by allosteric means. Allosteric 
enzymes are affected by the noncovalent binding of metabolites at a site distinct from 
the substrate-binding site. The conformational changes induced by such a metabolite 
can be positive (increasing enzyme activity) or negative (decreasing enzyme activity).
Argininosuccinate synthase (ASS; EC 6.3.4.5) is the rate-limiting enzyme in 
ureagenesis, having the lowest intrinsic activity, but CPS (EC 6.3.4.16) is the overall 
controlling step since its activity, unlike ASS, is regulated (Powers and Meister,
1982). With a Km of 0.7mM in humans, this is equal to the hepatic ammonia 
concentration and so CPS is normally only half saturated with substrate. CPS is also 
the most abundant enzyme in hepatic mitochondria, and this, combined with the 
finding that there is no feedback inhibition on its activity by carbamoyl phosphate, 
means there is great potential to modulate its activity (Meijer et al., 1990). The 
activity of CPS is dependent on the mitochondrial concentration of ATP, ammonia, 
bicarbonate, Mg2+, K+, and an essential co-factor, 7V-acetylglutamate (NAG), the 
production of which is very sensitive to protein intake. Positive feedback occurs 
following increased protein intake, NAG synthase (EC 2.3.1.1) interacting with 
arginine (an allosteric effector) and glutamate (a substrate), and rapidly increasing 
production of NAG. This response is very rapid, occurring in minutes (Stewart and 
Walser, 1980) rather than days, and is assisted by the short half-life of NAG (20 
minutes). Regulation of CPS activity by NAG is thought to be the principal 
mechanism for the short-term modulation of ureagenesis in vivo (Tatibana and 
Shigesada, 1976).
Ornithine carbamoyltransferase (EC 2.1.3.3) and arginase (EC 3.5.3.1) are also subject
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to regulation via substrate concentration since the normal hepatic concentration of 
their substrates are below the respective Km values.
3.4.2 Long term adaptation o f  ureagenesis
Long term adaptation of the urea cycle to the prevailing diet may occur by changes in 
amounts of urea cycle enzymes. However, this process is slow, taking 30 hours to 8  
days to achieve a new steady state (Schmike, 1962; Das and Waterlow, 1974). It is 
not known why such changes should be necessary, since substrate control (above) 
provides more than sufficient capacity for increases in enzyme activity (Waterlow,
1999).
Alternatively, the changes in amount of enzyme (measured as changes in ex vivo 
activity) reported in previous studies (Schmike, 1962; Das and Waterlow, 1974) may 
be less important in vivo. Tests in vitro may mask any short-term response, because 
the intricate pattern of co-factors necessary for achieving the changes in kinetic 
activity mentioned above would be hard to replicate in vitro. The urea cycle is a 
complex series of reactions, each step dependant on the one before, as well as a host 
of other factors including intracellular compartmentation, the presence of co-factors 
and removal of product. Attempting to study any one enzyme in isolation may 
produce misleading results.
Such discrepancies are apparent in previous findings (Das and Waterlow, 1974), when 
although there was a good correlation overall between changes in enzyme activity and 
changes in urinary N excretion, this was not the case over shorter time-fiames (e.g. 6  
hour blocks). It is possible this illustrates a more complicated situation in vivo than 
that inferred from measuring enzyme activities in vitro. The same study (Das and 
Waterlow, 1974) also found that if gelatine was the protein source, no alteration in 
enzyme activity was observed despite large changes in urinary N. Anomalous 
findings such as these may be the result of variability or small sample size, but they 
may indicate that the situation is more complicated in vivo than would be suggested by 
the results in vitro. In fact, as suggested by Waterlow (Waterlow, 1999), the observed 
changes in enzyme activity may be a result of, rather than the cause of, changes in the 
rate of ureagenesis.
3.4.3 Regulation o f  ureagenesis in the cat
The preceding account describes the manner by which ureotelic animals match 
ureagenesis to dietary protein intake, an adaptation that enables them to maintain N 
balance across a variety of diets. When dietary protein intake is low, hepatic enzyme 
activities are decreased, reducing N losses, and allowing the animal to maintain N 
balance. However, it has been suggested that the cat cannot downregulate the hepatic 
enzymes in the face of decreased protein intake (Rogers et al., 1977). In this classic 
study, six adult cats were fed for 5 weeks on each of a high protein diet (70% 
(700g/kg) soy protein), a low protein diet (17.5% (175g/kg) soy protein), a 
commercial control diet of unknown protein content, or starved (5 days). Liver 
biopsies were then assessed for activity of the urea cycle enzymes, ornithine 
carbamoyltransferase (EC 2.1.3.3), argininosuccinate synthase (EC 6.3.4.5) and
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argininosuccinate lyase (EC 4.3.2.1), as well as the enzymes that provide amino 
groups for the urea cycle; alanine aminotransferase (EC 2.6.1.2), aspartate 
aminotransferase (EC 2.6.1.1) and glutamate dehydrogenase (EC 1.4.1.2). Very few 
differences were seen in any enzyme activities for any of the dietary treatments. The 
apparent failure of cat hepatic enzymes to adapt to the prevailing diet (Rogers et al., 
1977) was thought to explain the high requirement of this species for dietary N.
These findings would also support a theory that the cat was depending to a large 
extent on urea recycling and salvage to conserve N on the low protein diet (see section 
3.5). However, it should be noted that the enzyme assays employed were those 
optimised for rat, and it was not clear if the Km and pH optima were appropriate for 
cat enzymes. In addition, tests in vitro provide information about the maximal 
enzyme capacity, and may not reflect activities in vivo under physiological conditions. 
It is possible that these findings (Rogers et al., 1977) are an artefact of the in vitro 
system used for measurement, because later work indicated a sensitivity of intact 
feline hepatocytes to dietary protein (Silva and Mercer, 1985).
Using intact hepatocytes, a model expected to give a more physiologically relevant 
result than liver homogenate, it was shown that cats can respond to dietary protein by 
increasing ureagenesis (Silva and Mercer, 1985). Cats were fed either low protein 
(175g soya /kg) or high protein (700g soya/kg) diets for 6  weeks and then starved for 
16 hours prior to removal of hepatocytes. When incubated with lactate and pyruvate, 
hepatocytes from the high protein-fed cats showed increased basal urea production 
compared with those from low protein-fed cats. In the absence of N in the incubation 
mixture, these results may indicate that ureagenesis was stimulated indirectly in the 
hepatocytes from high protein-fed cats, since such a diet may increase protein 
degradation and hence provide the increased N for ureagenesis.
The ability of cats to adapt urea production to prevailing diet would seem to be a pre­
requisite for life, when cats may be faced with irregular meals (dependant on prey 
availability and hunting success) and changes in protein-energy ratio (e.g. as a result 
of seasonal changes in subcutaneous fat of prey). However, the studies above (Rogers 
et al., 1977; Silva and Mercer, 1985) are contradictory and confirmation in vivo of the 
cat’s ability to match ureagenesis to protein intake would clarify the situation.
A non-invasive method for estimating urea production (rather than urinary excretion) 
in vivo is available. Administration of doubly labelled [15N 15N] urea and monitoring 
label excretion in urine allows the mathematical calculation of urea production, but 
also elucidation of partitioning of urea within the body. This partitioning may be 
influenced by dietary protein status.
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3.5 Urea Kinetics
3.5.1 Introduction
Urea, traditionally considered to be a metabolically inert end product and simply 
excreted in urine, is now known to be partitioned in the body in a process of urea 
salvage (Walser and Bodenlos, 1959). Urea equilibrates within the body water pool, 
and passes freely into all systems, including the gut. Gastrointestinal microbes then 
hydrolyse the urea to ammonia, which is either reformed to urea by the liver, or used 
by the microbes to synthesise amino acids (figure 3.3, page 67). When the microbes 
are digested the amino acids become available to the host in functionally significant 
amounts, and may contribute to overall N supply. "Salvage" of urea N in this way is 
particularly important in the ruminant which hosts a large rumen microflora, but may 
also be increased in other animals particularly when dietary N intake is low, thus 
showing nutritional sensitivity and providing adaptation to low dietary protein intakes.
3.5.2 Transport into the gut
Urea, being a small molecule and soluble in water, readily diffuses across membranes 
and equilibrates within the body water pool. The rate of urea diffusion into the gut 
lumen is determined by the concentration gradient, dependent on urea production rate 
as well as removal from the lumen (by hydrolysis), and also physical factors such as 
overall gut size (a larger gut having a larger surface area). However, many studies 
(nutritional sensitivity, below) have suggested that a higher proportion of urea 
produced enters the gut on a low protein diet than on a high protein diet. Care must 
be taken in assuming “gut entry” from the models used to partition urea, since what is 
actually being calculated is the difference between urea production and excretion. 
However, if it is assumed that this difference is due to urea entering the gut, and if the 
increase seen on low protein diets is due to increased gut entry (as opposed to 
increased microbial activity), this may imply some level of control over the rate of 
urea entry into the gut. Such a mechanism was proposed following findings that some 
cell types (including erythrocytes and some nephron epithelial cells) had very high 
membrane permeability, suggesting the existence of specialised urea transporters. 
Carrier mediated urea transporters (UT2) were subsequently cloned (You et al., 1993), 
and a urea transporter has recently been isolated from the human colon (Ritzhaupt et 
al., 1998).
However, the relative importance of these two mechanisms (diffusion and carrier 
mediated transport) in gut entry of urea is unknown. Theoretically, either or both 
could be influenced by diet such that urea entry into the gut would be increased on 
low protein diets (see “nutritional sensitivity” below). Changes in diffusion potential 
might be mediated by diet-induced alterations in microbial profile or mass, whilst 
changes in the expression or activity of urea transporters may be influenced by diet 
induced changes in hormone levels.
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3.5.3 Fate o f  urea entering the gut
Following entry into the gut, some of the urea is subject to the action of microbial 
urease. Urease (EC 3.5.1.5) catalyses the hydrolysis of urea to carbamate and 
ammonia, with carbamate spontaneously decomposing in the presence of water to 
yield another molecule of ammonia. Urease is a common microbial enzyme, being 
present in over 2 0 0  species of bacteria, both gram negative and gram positive types, 
aerobes and anaerobes (McLean et al., 1988; Mobley and Hausinger, 1989; Collins 
and D'Orazio, 1993). For the microbes, urease is an invaluable enzyme capable of 
converting the ubiquitous urea into a preferred N source, ammonia. The microbes 
utilise the ammonia N, incorporating this into their own metabolic processes, 
including amino acid formation. This N then becomes available to the host animal 
upon microbial digestion, constituting a functionally important part of the “salvage” 
of the N. Some of the microbial N may be excreted in the faeces, whilst some of the 
ammonia N may be returned to the liver and reformed to urea prior to normal urinary 
excretion. An important question is the form in which the urea N is salvaged.
3.5.4 Salvage
Urea N can be salvaged as ammonia which is recycled to further urea synthesis and in 
monogastric animals this may be the major pathway. Clearly in ruminants, the 
microbial mass is subject to usual digestion and absorption upon exit from the rumen 
so that microbial amino acids are taken up by gastrointestinal cells and made available 
to the rest of the body. In monogastrics (such as the human, pig and cat), the majority 
of the microbial mass resides in the large intestine, where conventional wisdom states 
that there is, at best, limited transport for amino acids across this mucosa, implying 
that salvage would include only a very minor fraction of these amino acids. However, 
there is evidence for the presence of a microbial population in the small intestine of 
several species including the pig (Ogata and Morishita, 1969) and cat (Johnston et al.,
1993). Digestion of microbes here could yield amino acids for uptake by the small 
intestinal mucosa, a process of nutritional benefit to the host.
Following uptake, both essential and non-essential amino acids of microbial origin 
may be available for anabolism and contribute to the overall N supply of the host.
The detection of this process would involve the administration of [15N], and recovery 
of the label in body proteins. However, to prove that essential amino acids of 
microbial origin are available to the host (with obvious implications for improving the 
quality of overall N supply) requires that the label be detected in the non- 
transaminating essential amino acids, lysine or threonine.
Several studies have demonstrated recovery of [15N] label in body proteins, including 
pig carcass hydrolysate (Torrallardona et al., 1994), rat carcass hydrolysate 
(Torrallardona et al., 1996) and plasma protein hydrolysate (Tanaka et al., 1980), 
supporting the theory of utilisation of microbially derived amino acids. The 
incorporation of label into lysine (and so confirmation of utilisation of microbially 
derived essential amino acids) was demonstrated in rats (Torrallardona et al., 1996)
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following administration of [15N] ammonium chloride to germ free and conventional 
rats and significantly greater incorporation of [1SN] into carcass lysine in the 
conventional rats. The transfer of [15N] from urea to urinary lysine in the human 
infant recovering from malnutrition was subsequently demonstrated (Millward et al., 
2000), and shown to be a significant contribution to N supply, with a calculated 
minimum of 4.7mg lysine per kg BW made available by microbial synthesis.
The salvage of microbially derived amino acids by the host may be nutritionally 
sensitive (see below), being increased on low protein diets. Richards (Richards et al., 
1967) administered [15N] ammonium chloride orally into humans and measured the 
incorporation into plasma albumin and excretion in urine and faeces; subjects on a 
low protein diet showed greater incorporation into albumin than healthy subjects on a 
high protein diet. However, since plasma albumin concentration would be increased 
by higher dietary protein intake, this may have diluted the label resulting in lower 
enrichment.
3.5.5 Nutritional sensitivity
Animals accommodate a range of dietary protein intakes, and a major mechanism for 
achieving N balance across this range may involve changes in urea production and 
kinetics. Changes in urea production occur via regulation of the urea cycle enzymes, 
whilst changes in urea kinetics result in the re-partitioning of urea between salvage 
and excretion. Together, these mechanisms allow the animal to match N excretion to 
N intake and so maintain N balance on varying diets.
Urea kinetics has been studied in several species including pigs (Torrallardona et al.,
1994), sheep (Sarraseca et al., 1998) and rats (Torrallardona et al., 1996), but 
especially in man. Many human results suggested the proportion of urea made 
available to the gut for hydrolysis, and the amount of this which was then salvaged 
and available to the host, was greater when the subject was fed a low protein diet.
This indicated a possible mechanism for coping with low dietary protein intakes.
The extent of changes in human urea kinetics in response to diet can be quite striking, 
with the proportion of urea produced that entered the gut approximately 60-70% on 
low protein diets compared with 30-40% on high protein diets (Picou and Phillips, 
1972; Jackson et al., 1990; Langran et al., 1992). However in absolute terms gut entry 
may be correlated with protein intake (Danielsen and Jackson, 1992; Meakins and 
Jackson, 1996; Young et al., 2000), and many conflicting or non-significant results 
have been obtained (Langran et al., 1992; Forslund et al., 1998; Badaloo et al., 1999; 
Young et al., 2000). Interpretation is complicated by the variety of subjects, dosing 
regimens and protein intakes used. Many of the human studies have been performed 
on malnourished children (Picou and Phillips, 1972; Jackson et al., 1990; Badaloo et 
al., 1999), and although this is a globally important area of research, care should be 
taken in extrapolation to the healthy adult subject. It is probable that growth and 
recovery from malnutrition might both have a large effect on any mechanism alleged 
to improve N economy, since in both these situations the body is in an overall 
anabolic state (i.e. positive N balance), and metabolism differs to the well-nourished 
adult. Diet design was very different between the studies and although most were
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designed to provide an adequate protein intake there were exceptions (Danielsen and 
Jackson, 1992; Meakins and Jackson, 1996).
The use of double labelled [15N] urea in studies of urea kinetics (see below) enables 
the fate of salvaged urea N to be determined in terms of the partition between 
recycling back to urea as opposed to utilisation for potential anabolism within the 
amino N pool. This approach indicated that in addition to the rate of gut entry being 
increased on low protein diets, the proportion of urea made available for anabolism 
was also increased (Tanaka et al., 1980; Jackson et al., 1990). This implies a 
significant adaptation to low dietary protein by providing N salvaged from urea in 
functionally significant amounts (Jackson, 1983). For example, Jackson (Jackson et 
al., 1990) demonstrated that in terms of both absolute amounts, as well as the 
proportion of urea produced, significantly more N was retained and available for 
salvage on a low protein diet (18mmolN/kgBW/d, or 50% of production) compared to 
a high protein diet (9mmolN/kgBW/d or 30% of production). Tanaka (Tanaka et al., 
1980) had earlier found that the proportion of label which was retained in lysine was 
greater in Papua New Guinea Highlanders fed a low protein diet compared with their 
Japanese controls, again suggesting greater retention of N on a low protein diet.
3.6 Experimental study - Urea kinetics o f  a carnivore, Felis silvestris catus.
Published, (Russell et al., 2000) -  see appendix 4.
3.6.1 The problem, aims and objectives
Cats have a high requirement for dietary protein compared to other species and this 
has been attributed to the apparent inability of the hepatic enzymes of this species to 
adapt to dietary protein intake (Rogers et al., 1977; Rogers and Morris, 1980). 
However, evidence has since been gained from work in vitro of the ability of cats to 
adapt ureagenesis in response to dietary protein (Silva and Mercer, 1985).
There is some suggestion that cats can salvage urea N. Komberg (Komberg and 
Davies, 1952) injected [15N] urea subcutaneously into a single cat and demonstrated 
that only 83.5% of the injected isotope was excreted in the urine, the rest widely 
distributed amongst body tissues. Of that isotope excreted in the urine, 2.5% of the 
isotope was found in non-urea N indicating that after 40 hours 2.5% of the [15N] urea 
had been metabolised by the body. These findings suggested that the cat was capable 
of using urea N for incorporation into body tissues, although the site of this 
mechanism was not described. This finding was confirmed (Deguchi, 1985), 
following removal of the liver, serum and muscle of cats fed a diet supplemented with 
[15N] urea, and demonstration that the enrichment of trichloroacetic acid precipitates 
of homogenised tissues and serum of these cats was higher than the natural abundance 
of [15N] in a control cat.
There are currently no published studies to confirm the ability of the cat to operate a 
urea salvage mechanism, and no indication of whether this may show nutritional 
sensitivity and thus be a possible mechanism of adaptation to lower dietary protein 
intake. In addition, evidence in vivo for the ability of the cat to adapt ureagenesis to
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dietary protein intake would support an alternative theory for the high protein 
requirement for this species.
In the present study, urea kinetics was studied in the cat, the first extension of this 
technique to a carnivore.
3.6.2 Experimental design
Initial studies of urea metabolism utilised [13C] and [14C] labelled urea as the tracer, 
the labelled carbon being recovered on the breath as labelled CO2 following microbial 
hydrolysis of the urea (Leifer et al., 1948; Komberg et al., 1952). The classic study by 
Walser (Walser and Bodenlos, 1959) was a novel approach. They administered 
doubly labelled [15N 15N] urea intravenously into healthy human subjects, a technique 
that allowed discrimination between urea that had passed through the body 
unchanged, and that that had been hydrolysed in the colon and then reformed into 
urea. This was possible because [15N 15N] urea hydrolysed to ammonia in the colon 
and then reformed to urea would appear as [15N 14N] urea due to the overwhelming 
abundance of [14N] in the body pool. Labelled urea undergoing such recycling was 
excreted as [15N 14N]-urea in the urine. Label not recovered in the urine was thought 
to represent urea N retained by the body.
Two methodologies have been developed from the study of Walser (Walser and 
Bodenlos, 1959), both using [15N 15N] urea, but in one case the tracer being given as a 
single dose, and in the other case as a continuous infusion. Initial attempts to utilise a 
single dose of labelled urea were hampered by two problems. Firstly, it was necessary 
to accurately know the urea pool size, measurement of which can vary by up to 40% 
depending on which method is used, and secondly, the mathematical analysis required 
the difficult interpretation of a decay curve and the assumption of a multi- 
compartmental model. Jackson (Jackson et al., 1993) developed a simpler single oral 
dose method measuring cumulative urinary excretion of isotope over 48 hours. This 
was ideal as a non-invasive technique for studying free-living subjects (Bundy et àl., 
1993), and utilised a stochastic mathematical model to calculate urea production, 
excretion and hydrolysis. Other workers have utilised a continuous infusion of tracer 
to obtain a steady isotopic state, when the ratio of labelled urea to unlabelled urea can 
be used to calculate urea production, excretion and hydrolysis (Picou and Phillips, 
1972). This has been further modified to utilise intermittent doses and incorporating a 
priming dose (Wolfe, 1981) to accelerate the achievement of steady state. Although 
the mathematics involved in infusion/intermittent dose studies allow a more sensitive 
data analysis, the studies are labour intensive and require a clinical environment.
The single dose model (Jackson et al., 1993) was adopted for the current study due to 
its non-invasive nature. Whilst this model does not require a steady metabolic state 
(as long as the start and end states are the same), a relatively steady state was achieved 
by continuous presentation of food. Any lack of precision associated with the model 
was accepted and, in part, compensated for by the choice of relatively extreme diets. 
The model was adapted for the current study to account for some potential extra errors 
(below), and included the measurement of loss of label into faeces.
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The route of administration of isotope may have an impact on the results obtained. 
Jackson (Jackson et ah, 1984) compared the oral, intravenous and intragastric 
administration of tracer and concluded there was no effect of dosing regimen on 
subsequent results. However, Hibbert (Hibbert et al., 1992) obtained significant 
differences in results obtained from oral and intravenous protocols in the same 
subjects, tracer being hydrolysed in the upper gastrointestinal tract during oral dosing. 
If oral doses are to be utilised, care must be taken to exclude subjects with 
Helicobacter pylori infection in the stomach, since this organism, along with many 
others, contains an active urease. Gastric urease activity has also been reported in the 
cat (Luck, 1924; Fitzgerald, 1946). To avoid hydrolysis of the dose in the upper 
gastrointestinal tract, an intravenous dosing regimen was selected for the current 
study. In 2 of the cats, isotope was presented via the subcutaneous route due to 
technical difficulties. These two cats produced similar results to the others, and so 
this route may also be considered for this isotope, since the inert nature of urea means 
it is unlikely to be metabolised locally.
Hibbert (Hibbert and Jackson, 1991) validated the method of Jackson (Jackson et al.,
1984), by repeatedly measuring urea kinetics after prime and intermittent oral doses of 
[15N 15N] urea in a single adult. The intra-individual variability observed in 5 studies 
over 4  years was less than reported between individuals, making the method robust 
and reliable. However, no such validation has been undertaken of the single dose 
model.
Several other considerations with these models have more recently come to light. 
These include accounting for impurities in the dose of labelled urea, some non- 
monomolecularity during processing of samples and accounting for multiple entries of 
urea into the gut. These errors are small, but are nevertheless important in the 
calculation of results by difference. It is important to account for [15N 14N] urea 
present in the dose since the level of impurity will vary from batch to batch. Sample 
preparation involves the addition of hypobromite to the urea, and at 60°C this leads to 
a Hoffman degradation, where the resulting N2 gas has both molecules arising from 
the same urea molecule. This is crucial in the subsequent analysis of the ratio of N28, 
N29 and N30 and interpretation of results, and should be carried out in the gaseous 
phase to prevent molecular interaction. Since the reaction is actually carried out in the 
dilute liquid phase, some non-monomolecularity is to be expected and must be 
corrected for. The mathematical model should also be adapted to account for 
multiple entries of label into the gut, since having undergone hydrolysis and reformed 
to urea, label is then not necessarily immediately excreted and may re-enter the gut. 
These considerations were addressed by Sarraseca (Sarraseca et al., 1998) in their 
study on sheep, and corrected for in the present study in cats.
A further problem to be considered is the effect of incomplete data collection, either 
due to the collection period being too short (single dose models), or data being 
collected before attainment of isotopic steady state (infusion models) (Zuur et al.,
2000). Previous studies using the single dose model have utilised a 48 hour collection 
period (Bundy et al., 1993; Jackson et al., 1993), but a 5 day period was used in the 
current study to ensure a complete collection. Analysis of the proportion of isotope 
collected over each day of collection of the current study suggests that by 48 hours.
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although 99% of N30 urea had been excreted in the urine, only 93% of urinary N29 
and 75% of faecal label had appeared (Zuur et ah, 2000).
The study was designed as a straightforward comparison between 2 diets. Whilst a 
crossover design may have been preferred, it was not considered appropriate in this 
case due to ethical considerations in administering two doses and because the 
treatments were at nutritional extremes. The power derived from the extra degrees of 
freedom (10 v 5) was considered to outweigh the advantage of reducing variation due 
to inter-cat differences. The diets were designed to provide the extremes of protein 
energy encountered by normal pet cats.
Due to the ofren-contradictory results obtained in human studies (above), the healthy 
adult cat data in the present study will be compared mainly with two studies in healthy 
adult humans. The prime/intermittent oral dose study of Langran (Langran et al.,
1992) used a low (adequate) protein diet of 35g protein/day (6.5% protein energy) and 
a high protein diet of 70g protein/day (13.9% protein energy). The design of the study 
of Forslund (Forslund et al., 1998), using a continuous infusion, was more similar to 
the present study, with a normal protein diet of 78g protein/day (8.1% protein energy) 
and a high protein diet of 199 g protein/day (21.5% protein energy), although less data 
are presented. These diet designs should be considered in relation to those in the 
current study when interpreting results, since the MP diet (at twice the cat protein 
requirement) is equivalent to the high protein diet used by Langran (Langran et al., 
1992), and the normal protein diet used by Forslund (Forslund et al., 1998), both of 
which were formulated to provide around 70g protein/day (twice the minimum human 
protein requirement). The HP diet is equivalent to seven times the cat protein 
requirement, and can be compared to the high protein diet of Forslund (Forslund et al., 
1998) (over six times the human protein requirement). For comparison, the study of 
Jackson (Jackson et al., 1990) in children recovering from malnutrition, will also be 
used.
3.6.3 Methods and materials
3.6.3.1 Animals, diets and experimental design
Twelve adult cats ( 6  males, 6  females; mean age 4.5 years ± SE 11 months; mean 
bodyweight 4.28 ± SE 0.3 kg) were allocated to two treatment groups matched for age 
and sex. One female cat was removed from the study (high protein group) because of 
an erratic urination pattern. The cats were housed individually in cages equipped with 
litter trays designed for urine collection, and exercised for approximately Ih each day.
The cats received one of two diets solus for 21 days prior to the beginning of the trial 
and for the 6 -day trial duration, and were fed to appetite, being offered generous 
portions twice a day. The isoenergetic diets were preparations of boiled chicken 
breast, lard and glucose, with vitamins and minerals added to meet requirements 
(NRC, 1986), and carob solution to thicken (Table 3.1, page 78). The moderate 
protein (MP) diet was formulated to provide 20% energy from protein, a level which 
is approximately 50% of that found in standard commercial cat foods but is sufficient 
to ensure good maintenance of intake and bodyweight. The high protein (HP) diet
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was formulated to provide 70% energy from protein, a level at the top of the range of 
commercial cat foods.
Following the 21 day prefeed, urine and faeces collection commenced (0900h day 0) 
to establish baseline excreta [15N] values for each cat. [15N 15N] urea (99.87 at% (atom 
percent) Cambridge Isotope Laboratories Inc, Massachusetts) was prepared as a 
27.3mg/ml stock solution in sterile physiological saline immediately prior to use. At 
lOOOh on day 1, [15N 15N] urea was administered via the cephalic vein of each cat, at a 
dose of 6.83mg/kg bodyweight. Two of the cats (both in the MP diet group) received 
their doses subcutaneously. Faeces and urine samples were collected for 5 days. Each 
defecation was immediately weighed and frozen at -20°C. Each 500ml urine collection 
bottle contained 5ml 5M HC1 as preservative, and bottles were changed every 24h, the 
urine being weighed and then frozen at -20°C.
It was subsequently found that urine recovery from this system (figure 2.6, page 38) 
was incomplete (88.3 ± SE 0.98%, n=23), calculated by pouring a known quantity of 
urine over a litter tray and calculating recovery after 1 minute. All urine volumes 
from both diet groups were therefore multiplied by 1.136 to correct for this, 
evaporation being unlikely to be influenced by diet. A correction to food intake data 
(assessed gravimetrically) was also made for loss of weight of diets due to 
evaporation, calculated by leaving an identical bowl of each diet in an empty cage for 
each meal. Evaporation during the morning meal ( 6  hours) was 1.94 ± SE 0.37% 
(n=5) from the MP diet and 1.96 ± SE 0.15 % (n=5) from the HP diet. Evaporation 
during the overnight meal (18 hours) was found to be 6.97 ± SE 0.31% (n=5) from the 
MP diet and 7.64 ± SE 0.48% (n=5) from the HP diet.
3.6.3.2 Chemical analyses
Nitrogen content of diets, urine and faeces were determined by the Dumas procedure 
using an automated Leco FP428 analyser (The Leco Corporation, Saint Joseph, 
Michegan, USA). Nitrogen analysis was conducted by Central Nutrition Laboratory, 
Pedigree Masterfoods, Melton Mowbray, UK. Urinary urea concentration was 
determined by the method of (Marsh et al., 1965) using a Technicon Auto analyser 
(Technicon Instruments Corporation, Tarrytown, NY, USA). Urea analysis was 
conducted by Rowett Research Services, Aberdeen, Scotland.
3.6.3.3 [15NJ analyses
Preparation and mass spectrometric analyses were conducted by Rowett Research 
Services, Aberdeen, Scotland. The principles of mass spectrometry are described in 
appendix 7. A cation exchange column containing 2 ml of resin (AG-50,100-200 
mesh, x8 , FT form; Biorad, Richmond, CA, USA) prewashed with water, was used to 
separate urea from urine. The volume of urine containing 250pmoles of urea was 
placed on top of the resin and all liquid allowed to pass through the column, followed 
by 5ml water to remove any contaminants. Then 55ml of distilled water was added, 
and the eluate collected and evaporated. The 250pmoles urea was resuspended in 
1 0 ml water and mixed thoroughly, before being aliquoted into 1 2  vials, each
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containing a known amount of N, and frozen prior to analysis.
For each sample in duplicate, an aliquot was diluted by the addition of 2ml N-free 
deionised water and de-gassed by vacuum pump for 8  minutes at O.Olmbar in a 
Louwers Hapert bottle (PO box 27, The Netherlands). The sample was then frozen by 
lowering the tube slowly into liquid nitrogen, and 0.5ml lithium hypobromite solution 
(10% lithium hydroxide in water plus 2ml bromine, bubbled with He) added. The 
sample was evacuated for 5 minutes at O.OOOlmbar before incubating at 60°C for 15 
minutes, or until ready for analysis. At this temperature hypobromite treatment of 
urea results in a Hoffman degradation, which under gaseous conditions produces N2 
gas where both nitrogen atoms have arisen from the same urea molecule. By 
performing the reaction in a dilute liquid phase, the reaction that arises is not 
completely monomolecular, therefore a correction is required. To estimate this 
correction factor, standards were prepared by diluting labelled urea with natural 
abundance urea to give a similar concentration and enrichment as the samples, and 
measured alongside each set of analyses. This allowed corrections to be applied to the 
samples for the loss of [15N] from m/z (massxharge) 30 (N30) and gain in m/z 29 
(N29).
The sample was frozen by slowly lowering the tube into liquid nitrogen and a duel 
inlet isotope ratio mass spectrometer (IRMS; SIRA 12, VG Isogas, Middlewich, 
Cheshire, UK) used to analyse the nitrogen arising from the doubly labelled urea. The 
nitrogen gas was ionised by electron impact ionisation, [15N 15N] producing m/z 30, 
[15N 14N] 29 and [14N 14N] 28. The ratio of ions 29/28 and 30/28 were compared to 
those of a known standard, and data corrected to [15N] at% (i.e. 29 ion current was 
divided by 2  since only half of the nitrogen is labelled).
m/z 29/28 and 30/28 in faeces was determined by combustion-continuous flow-mass- 
spectrometry of freeze dried samples.
A correction was also applied to account for the fraction of [15N 14N] urea present in 
the dose. This was determined by gas-ehromatography-mass-spectrometry (GCMS) 
of the tertiary butyldimethylsilyl derivative of urea (Calder and Smith, 1988) and 
found to be 0.26at% of the total.
3.6.3.4 Model
The model used was developed from that of (Jackson et al., 1993), incorporating 3 
exits from the nitrogen pool and allowing for multiple entries of [15N 14N] urea into the 
gut (Sarraseca et al., 1998). In this model (figure 3.4, page 83) it is assumed that urea 
produced by the liver (?) can only have one of two fates; a portion (u) is excreted in 
urine (Eu), and the remainder (1-u) enters the gut (T). In the gut, the urea is 
hydrolysed to ammonia, which has three possible fates; a portion (r) is returned to the 
ornithine cycle (Pr), a portion (f) is excreted in faeces (F), and the remaining portion 
(a) is retained in the body and so is potentially available for anabolism (A). 
Information on these fates is obtained by monitoring the appearance of [15N 15N] urea 
(eu30) and [15N 14N] urea (eu29) in urine and 15N in faeces (F*), following 
administration of a single dose of [15N 15N] urea (d30).
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The model assumes:
1 . the existence of two pools, a urea pool and a nitrogen pool.
2 . that labelled urea is handled in the same way as unlabelled urea.
3. that there is a single input to the urea pool from urea synthesis (P), and two exits; 
to urinary excretion (Eu); and to the bowel (T).
4. that nitrogen derived from the hydrolysis of urea enters a metabolic pool of 
nitrogen and has three fates; to urea synthesis (Pr); to anabolism (A) and faeces
(F).
5. A reasonably steady metabolic state throughout the study.
6 . that after [15N 15N]urea has been hydrolysed in the gut, the 15N returned to the 
ornithine cycle will only recombine with 14N to form [15N 14N]urea (i.e. the 
probability of two 15N atoms recombining to form [15N 15N]urea is negligible).
Monitoring the appearance of [15N 15N] urea in urine gives us the proportion of urea 
production eliminated in urine: 
u = eu30 / d30 
Then urea production follows from 
P = Eu / u
and T = P -  Eu. Monitoring the appearance of [15N 14N] urea in urine yields 
information on the amount of urea returned to the ornithine cycle. Let 
R=eu29/(eu29+eu3 0), which is the proportion of urea production originating from 
recycling. Then the portion (r) of gut entry that is returned to the ornithine cycle is 
obtained from
r = R / (1-u)
This allows for multiple entry of [15N 14N] urea to the gut, and was not originally 
accounted for by (Jackson et al., 1993), where r was derived from r=eu29/( d30 (1-u)). 
The fraction (f) of gut entry excreted in faeces is calculated as
(1 -u )  (eu29 + eu3 0)
The fraction used for anabolism (a) is obtained by difference, 
a = 1 —r — f
Pr, F and A are obtained from multiplying T by r, f  and a, respectively.
3.6.3.5 Statistical analysis
As the data infringed the assumptions for parametric statistical analysis, the data were 
analysed using Kruskal-Wallis Test (unless otherwise stated). Data are expressed as 
mean ± standard error and p<0.05 was considered significant.
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3.6.4 Results
Bodyweight changes were minimal over the 4 week study period (mean 1.9 ± 1.5% for 
MP cats, mean -3.2 ± 0.8% for HP cats). Over the final week of the study when data 
were being collected, bodyweight changes were 1.8 ± 0.7% for MP cats and 0.2 ±
0.7% for HP cats. The majority of cats (both diet groups) were found to be close to 
zero N balance (not significantly different from zero -  one variable signed rank test, 
p>0.05 both groups) (Table 3.2, page 79 and Table 3.5, page 82), and there was no 
significant effect of diet upon N balance (Mann Whitney U test, p>0.05). The 
minimal bodyweight changes and N balance indicate that the cats were in a reasonably 
steady metabolic state.
Although the sample size was small, no significant difference (p>0.05) was found 
between dosing regimens (intravenous v subcutaneous) in the MP cats for any part of 
the model, so the data were combined (see Table 3.5, page 82 for individual data).
The N intake of HP cats (75.7 ± 4.9 mmolN/kgBW/day) was significantly higher than 
MP cats (28.2 ± 3.25 mmolN/kgBW/day). The urea production rates and urinary urea 
excretion rates of HP cats were significantly higher than those for MP cats, although 
there was no significant difference in ureaN lost through faecal excretion (Table 3.3). 
Urea N formed a greater proportion of total urinaiy N for HP cats than MP cats (75 ± 
1.3% for HP cats and 65 ± 1.6% for MP cats, p<0.05). Urea production expressed on 
per kg metabolic body weight (kgBW0 75 ) basis was 92.7 ± 4.5 mmolN/day for HP 
cats and 27.6 ± 2.6 mmolN/day for MP cats (p<0.05). There was a significant 
relationship between N intake (mmolN/day) and urea production (mmolN/day)
(simple linear regression, intercept=-25.76, slope=0.92, R2 =94.92, pO.OOOl).
More urea N was available for hydrolysis in the gut and more urea -N was returned to 
the ornithine cycle of HP cats than MP cats. More ureaN was potentially available 
for anabolism in HP cats compared to MP cats (Table 3.3, page 80). Intake of N plus 
that available to the gut was significantly greater (p<0.05) in HP cats (83.6 ±5.1 
mmolN/kgBW/day) compared to MP cats (32.3 ±3.5 mmolN/kgBW/day)
Despite the significant difference between HP cats and MP cats in absolute values for 
urea partition (Table 3.3, page 80), as a proportion of urea produced there was little 
difference between the diets. As a percentage of urea produced, there was no 
significant difference in urea entering the gut, or that available fpr anabolism in MP 
and HP cats (Table 3.4, page 81). There was also no significant difference between 
the diets in terms of urea recycled, or that available for anabolism (Table 3.4, page 81)
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Diet chicken
breast
g/kg
lard
g/kg
glucose
g/kg
1.5% 
carob in 
water 
g/kg
Percentage of energy from predicted
metabolisable
energy
MJ/kg
protein carbohydrate fat
MP 164.30 79.80 29.60 726.40 20.00 10.20 69.80 3.76
HP 576.80 17.10 26.00 380.20 70.00 10.00 20.00 3.76
Table 3.1: Diet composition and formulation at moderate (MP) and high (HP)
protein levels.
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MP
mean SE mean
HP
SE
Statistical significance 
of difference P*
N intake 282 3.25 75.7 4.90 0.01
N excretion in faeces 2.6 0.36 4.0 0.46 0.04
N excretion in urine 25.1 2.17 76.6 2.90 0.01
N balance ** 0.6 3.14 -4.9 4.08 0.72
Table 3.2: N intake and excretion values (mmolN/kgBW/day) for cats fed
moderate protein diet (MP, 20% protein energy) or high protein diet (HP, 70% protein 
energy).
values are means with their standard errors for five cats for HP diet and six cats for MP diet 
* By Kmskal-Wallis
**Balance was calculated as intake - (urine + faeces). This study was completed prior to the work on 
improving N balance methodology (section 2.5.2 and 2.5.3).
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MP HP Statistical
mean SE mean SE of difference P*
urea production 19.0 1.59 65.4 2.57 0.01
urinary urea excretion 16.0 1.08 57.6 2.28 0.01
urea to gut 3.0 0.82 7.8 0.57 0.01
urea recycled to ornithine cycle 1.6 0.41 4.6 0.51 0.01
urea excreted in faeces 0.1 0.03 0.1 0.03 0.86
N retained for anabolism 1.3 0.44 3.1 0.50 0.03
Table 3.3: Absolute urea production, excretion, gut entry, recycling and retention
rates (mmolN/kgBW/day) for cats fed moderate protein diet (MP, 20% protein 
energy) or high protein diet (HP, 70% protein energy).
values are means with their standard errors for five cats for HP diet and six cats for MP diet 
* By Kruskal-Wallis
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MP HP Statistical
mean SE mean SE significance of 
difference P*
Urea to gut: urea produced 15.0 3.23 11.9 0.73 0.47
Urinary urea excretion : 
urea produced
85.1 3.23 88.1 0.73 0.47
Urea recycled to ornithine 
cycle: urea produced
8.1 1.52 7.0 0.58 0.58
Urea recycled to ornithine 
cycle: urea to gut
56.6 5.30 59.3 5.47 0.58
Available for anabolism: 
urea to gut
40.0 5.70 39.6 5.40 0.86
Available for anabolism: 
urea produced
6.4 1.96 4.8 0.77 0.71
Table 3.4: Percentage of urea produced or urea entering the gut that was recycled
or retained by cats fed moderate protein diet (MP, 20% protein energy) or high protein 
diet (HP, 70% protein energy).
values are means with their standard errors for five cats for HP diet and six cats for MP diet 
* By Kruskal-Wallis
81
cat diet dose
route*
N balance P Eu T Pr A
1 MP s.c. -1.1 13.9 11.8 2.1 0.9 1.2
2 MP i.v. -6.9 17.7 16.9 0.9 0.4 0.4
3 MP i.v. -2.6 24.7 19.7 5.0 2.9 2.0
4 MP i.v. 15.3 21.7 15.8 5.9 2.7 3.1
5 MP s.c. -2.6 19.8 17.2 2.6 1.8 0.7
6 MP i.v. 1.2 16.2 14.7 1.5 1.1 0.3
7 HP i.v. -2.1 57.8 52.0 5.7 3.0 2.7
8 HP i.v. -20.6 62.4 54.3 8.1 4.9 3.1
9 HP i.v. 3.0 65.9 56.8 9.1 4.5 4.5
10 HP i.v. -3.9 68.3 59.9 8.4 4.5 3.8
11 HP i.v. -0.8 72.9 65.1 7.8 6.2 1.5
Table 3.5: Individual values (mmolN/kgBW/day) for urea production (P), urinary
urea excretion (Eu), urea entering gut (T), urea recycled (Pr) and urea retained for 
anabolism (A) for cats fed either moderate protein diet (MP, 20% protein energy) or 
high protein diet (HP, 70% protein energy).
* dose route was either subcutaneous (s.c.) or intravenous (i.v.).
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3.6.5 Conclusions
The cat has a requirement for dietary protein of 10% of dietary energy, a level that will 
just allow maintenance of N balance (Burger et al., 1984). This level is over twice the 
requirement of the dog, human and rat, that require 4% of dietary energy from protein 
(Rogers and Morris, 1980). The high protein requirement of the cat has been attributed 
to the apparent inability of the hepatic enzymes of this species to adapt to dietary 
protein intake (Rogers et al., 1977; Rogers and Morris, 1980). However, subsequent 
studies have raised questions about these findings. Thus Silva (Silva and Mercer,
1985), using feline hepatocytes, found that the rate of urea production was 
significantly higher for cats previously fed high protein diets.
The present study supports the findings of Silva (Silva and Mercer, 1985), with a 
significant increase in urea production in HP cats compared to MP cats, and no 
increase in urea recycling to the ornithine cycle in MP cats. Increased urea production 
in response to increased dietary protein intake might be expected since the urea cycle 
is very sensitive to substrate supply, and supports findings in the healthy adult human 
(Langran et al., 1992; Forslund et al., 1998; Young et al., 2000), although the results 
did not always reach significance (Langran et al., 1992; Forslund et al., 1998).
Findings by other research groups (e.g. Jackson et al., 1990) of no such change in urea 
production rate with protein intake are surprising, and may be a result of the use of 
diets which did not differ sufficiently in protein level (8 .8 % v 1 0 .8 % protein energy). 
In any case, recent measurements in infants do show marked changes in urea 
production when dietary protein energy intakes range from 2.5 to 11.9% during both 
catch-up and normal growth (Badaloo et al., 1999).
The rate of ureagenesis is a function of the activity of urea cycle enzymes (controlled 
by alterations in mRNA expression) and also substrate availability (the concentration 
of urea cycle intermediates and of ammonia). If feline hepatic enzymes do not 
genetically adapt to dietary protein level (as suggested by (Rogers et al., 1977)), and 
are set to an intermediate or high level, the concentration of urea cycle intermediates 
may be more important in the control of ureagenesis (Morris and Rogers, 1986). In 
reviewing the mysteries of N balance regulation, Waterlow (Waterlow, 1999) 
discussed the dual regulation of the urea cycle by substrate supply and by adaptive 
changes in the urea cycle enzymes. He argued that given the instantaneous and 
automatic regulation of carbamoylphosphate synthase (EC 6.3.4.16), it should be able 
to handle many times the normal input to the cycle so that it is not clear why adaptive 
changes in the urea cycle enzymes should be necessary. If this regulatory process is 
viewed in terms of reactive regulation (substrate supply) and adaptive regulation (urea 
cycle enzyme adaptation), then it may be that the cat reacts rather than adapts to 
dietary protein level, but with the same net result. It is not clear then, exactly why the 
cat has a higher protein requirement than other species.
Salvage of urea N is a mechanism essential to the N economy of ruminants, where the 
high ruminai microbial urease activity promotes the production of large amounts of 
NH3 . This N would be lost to the animal if it were not absorbed and recycled upon 
microbial digestion. This process allows ruminants to maintain N balance on very low 
protein diets (e.g. Sarraseca et al., 1998). Urea also enters the gut of omnivores such
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as rats (Torrallardona et al., 1996), pigs (Torrallardona et al., 1994) and humans but to 
a lesser extent than herbivores. Less urea N is retained for anabolism in non- 
ruminants and although it has been shown in human studies that some of the retained 
N includes essential amino acids (Millward et al., 2000), the physiological importance 
of such salvage is, as yet, unclear. Several studies of urea kinetics in humans have 
demonstrated that on adequate, but low protein diets, urea entering the gut was often 
increased as a proportion of production: e.g. the proportion of urea produced that 
entered the gut was 60-70% on low protein diets and 30-40% on high protein diets 
(Picou and Phillips, 1972; Jackson et al., 1990; Langran et al., 1992). Such large 
differences between low and high protein diets are not always observed however as in 
recent studies in malnourished infants (Badaloo et al., 1999). The differences in 
absolute urea entry into the gut are also variable and often not significantly different 
between low and high protein diets, or even correlated with protein intake (Young et 
al., 2000). Nevertheless, subjects fed low protein diets may retain up to 90% of the N 
entering the gut that is then potentially available for anabolism (e.g. Jackson et al., 
1990; Langran et al., 1992; Badaloo et al., 1999). Urea kinetics have not been studied 
in a carnivorous species, and this study concerned three issues; the adaptive nature of 
the urea cycle, the extent and nutritional sensitivity of urea hydrolysis in the gut, and 
whether urea entering the cat gut is retained for anabolism, thus forming a possible 
mechanism of adaptation to lower dietary protein.
The results show that urea hydrolysis as a proportion of production is low, with no 
significant difference between cats fed the MP diet (15%) or HP diet (12%). This 
supports certain previous findings with humans that there is no significant difference 
in the proportion of urea entering the gut on low and high protein diets (Langran et al., 
1992; Forslund et al., 1998), but contrasts with others (e.g. Jackson et ah, 1990). The 
MP value for hydrolysis in both proportional and absolute terms reported here, can be 
compared with the 46% or 6-8.1 mmolN/kgBW/day reported in healthy adult humans 
on an equivalent diet relative to requirement (Langran et ah, 1992; Forslund et ah,
1998). It is also low when compared with children recovering from malnutrition who 
retained 8.9-17.5 mmolN/kgBW/day (Jackson et ah, 1990). This confirms that the cat 
has a low gut-entry rate of urea compared with the human.
The factors that determine the entry rate of urea into the gut are currently unknown, 
but probably include diffusion and transport mechanisms, (given the recent discovery 
of the urea transporters (Hediger et ah, 1996)). The effectiveness of such mechanisms 
would be related to gut size. If a gut urea-transporter is responsible for control of gut- 
entry, the lower gut-entry in the MP-fed cat may indicate fewer gut urea-transporters 
in this species. Alternatively, if gut-entry rate were determined by removal of urea by 
microbial hydrolysis (i.e. maintenance of a diffusion gradient), a low gut entry rate 
might be expected in a species with a relatively small microbial mass. The 
significantly increased (p=0.01) absolute gut-entry in HP cats compared to MP cats is 
in contrast to findings in healthy adult humans diets (Langran et ah, 1992; Forslund et 
ah, 1998), and may be a reflection of diet design because the HP diet was higher in 
protein energy than those used in human studies. It is probable that the increased urea 
production of HP cats increased urea diffusion into all compartments of the body, 
including the gut.
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The lower amount and proportion of urea entering the gut of the cat compared with 
the human subject may be a species-specific difference, although it could also be a 
reflection of diet design. It is possible that substantial urea hydrolysis is only 
measurable at protein intakes below that required for maintenance. For the cat, the 
maintenance requirement for protein is 10% of energy (Burger et al., 1984), and at 
20%, the MP diet used in the current study was twice that level. However, due to the 
dynamic nature of the system it is probable that some difference between the two 
protein levels (MP and HP) would be expected. Such differentiation was observed in 
human studies utilising diets with protein levels above the maintenance requirement 
(Bundy et al., 1993; Forslund et al., 1998).
As far as the extent to which urea entering the cat gut is retained for anabolism, the 
results show that the absolute amounts were very small (probably negligible) in 
comparison to healthy adult humans, (e.g. 5.9-Ô.8 mmolN/kgBW/day, (Langran et al., 
1992)), and malnourished children, who retained even more (8.9-17.5 
mmolN/kgBW/day, (Jackson et al., 1990)). A lower percentage (only 40%) of N 
entering the gut is retained in the cat compared with the 76-89% retained in human 
studies (Jackson et al., 1990; Langran et al., 1992). Also, there is no dietary sensitivity 
of the percentage of urea production available for anabolism, in contrast to the human 
infants, (up to 50% on a low compared to 30% on a high protein diet (Jackson et al., 
1990)). Although care should be taken in the interpretation of results obtained by 
difference, when errors due to faecal losses can have a large effect on the outcome, the 
human findings are interpreted as an adaptation to low dietary protein to increase the 
functionally significant overall N supply (Jackson, 1983). It is clear that the cat 
retains very little urea N for anabolic purposes when fed a diet adequate in N.
In conclusion, therefore, the current study has shown that whilst ureagenesis in the cat 
is sensitive to dietary protein intake, there is a low level and lack of nutritional 
sensitivity of urea entry and hydrolysis into the gut, and subsequent retention of urea 
N for anabolism. This very low rate of gut-entry/salvage of urea N for anabolism in 
the cat may be due to a very low microbial urease activity in a species with a very 
short gastrointestinal tract and an habitual diet low in fermentable substances. This 
could be determined with a study design incorporating a higher fibre diet; following 
adaptation, this would be expected to increase the microbial mass and hence may alter 
urea partitioning in the cat. Alternatively, it could be due to a lack of evolutionary 
pressure to conserve N i n a  species that consumes a diet habitually high in protein.
The current findings that feline ureagenesis responds to dietary N intake would 
suggest that the reported inability of the hepatic enzymes to show dietary adaptation 
(Rogers et al., 1977) are not responsible for the high dietary protein requirement of 
this species. The inability of the cat to salvage any appreciable amounts of N via the 
gut could influence protein requirement. Compared to the intake of digestible lysine, 
the absolute amount of lysine salvaged by the cats and potentially available for 
anabolism was minimal (5.2% for MP cats and 4.6% for HP cats, assuming protein 
comprises 8 % lysine and protein digestibility of 90%). However, even if cats were to 
salvage N at a high rate, this would still contribute minimally to the overall N 
requirement. Children recovering from malnutrition were found to derive a minimum 
4.7mg lysine/kgBW/d from salvage (Millward et al., 2000), a figure that contributes 1-
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11 % of their dietary lysine intake.
Chapter 4 Whole Body Protein Turnover
4.1 Introduction
Protein turnover is a general term that describes the degradation and replacement 
through re-synthesis of proteins that occurs constantly in all living organisms, 
including plants, invertebrates and mammals. Although each protein has its own rate 
of turnover appropriate to its function, the overall activity (the weighted mean of all 
tissues and organs) is provided by a measurement in vivo of whole body protein 
turnover and can provide a useful measure of physiological state. In the healthy adult 
in steady state, rates of protein synthesis and protein degradation are, by definition, 
equal as are rates of dietary protein N intake and N excretion, thus maintaining 
nitrogen balance. On the basis of a simple two pool model (figure 4.2, page 102) this 
can be expressed as follows (Waterlow et al., 1978a):
flux (Q) = synthesis (S) + excretion (E) = breakdown (B) + intake (I) 
or
I-E (N balance) = S-B (protein turnover)
In an anabolic state (e.g. growth), the rate of synthesis is greater than that of 
breakdown, resulting in a net gain of protein and positive N balance. In a catabolic 
state (e.g. starvation), the opposite occurs resulting in a net loss of protein and 
negative N balance. In these non-steady states, the extent of the recycling 
(background) component of turnover will be either, during growth, the degradation 
rate, or during a catabolic state, the synthesis rate. Thus in the former state synthesis 
which exceeds replacement (i.e. the degradation rate) represents net synthesis which 
results in protein deposition, while in the latter state degradation which exceeds 
synthesis is that which represents net tissue degradation. Other situations that affect 
the steady state include exercise, pregnancy, infection, fever, cancer and trauma.
The typical 70kg adult man contains around 11.5kg protein, which turns over at a rate 
of about 3%/day; 300-400g (Millward et al., 1996). The desirable level of protein 
turnover is unknown, and although it is assumed that a maximal rate of protein 
synthesis would be the goal (and hence indicate nutritional adequacy of the diet), there 
is insufficient knowledge of the physiological effect of changes in the rate to make 
this assumption. This means it is currently difficult to support theories that particular 
rates are better than others (Millward, 1985; Millward and Rivers, 1989).
The rate of protein turnover is related to metabolic tissue mass, such that when 
expressed per kg metabolically active tissue, most species studied to date have a 
turnover in the range of approximately 16g/kg metabolic BW/day (Waterlow, 1984). 
Immature animals have higher rates of protein turnover per kgBW than adults, even 
when net synthesis due to growth has been deducted (i.e. a greater intensity), although 
the values between different species are again very similar (Waterlow, 1984).
The study of protein turnover for individual tissues within the body usually involves 
biopsy samples, perfused organs, excised tumours or other samples removed at
88
surgery, and is therefore an invasive procedure, and not considered further here. The 
exception is the 24 hour urinary excretion of 3 -methylhistidine (3-MH) that, deriving 
solely from myofibrillar catabolism, has been taken as a measure of the rate of 
breakdown of skeletal muscle (Haverberg et al., 1975). However, concerns have been 
expressed as to whether urinary excretion derives from rapidly turning over but small 
pools of actin in smooth muscle and microfilaments (Millward et al., 1980; Millward 
and Bates, 1983). This technique is reported to have been validated for use in the cat 
(Marks et al., 1996), but care should be exercised in its use on a carnivore, since any 
skeletal muscle in the diet will contribute to the observed 3-MH excretion.
There is a range of turnover rates between organs and tissues, with high turnover rates 
in gut, liver and skin, moderate rates in lung, heart and brain, and a much lower rate of 
protein turnover in muscle (Waterlow, 1984). However, the contribution of each 
tissue to total body turnover may vaiy with tissue size relative to bodysize (Waterlow 
et al., 1978a). For ease of comparison between different tissues, a fractional rate of 
protein synthesis may be used, that being the amount of synthesis per unit time 
divided by the amount of protein in the tissue.
Whole body protein turnover has been well-studied in humans since the 1960’s, 
driven by the need to understand severe protein malnutrition. Meanwhile, studies in 
farm animals were driven by economic considerations, with some genetic selections 
altering the regulation of turnover resulting in more lean deposition (Oddy, 1999). 
However, there are few studies of adult non-human animals since the majority of the 
agricultural drive is for factors affecting production i.e. growth, pregnancy and 
lactation.
4.2 Protein synthesis
Protein synthesis is the construction of whole protein molecules from the constituent 
amino acids, and occurs at a rate of around 3 -6 g/kgB W/day in adult man (Reeds and 
Garlick, 1984). This is achieved by translation of the mRNA (messenger-ribonucleic 
acid) code (obtained from the transcription ofDNA, deoxyribonucleic acid) into the 
correct sequence of amino acids that are joined to each other by peptide bonds. The 
formation of these peptide bonds, between the amino group of one amino acid and the 
carboxyl group of another amino acid are thermodynamically unfavourable, so the 
carboxyl groups are “activated” by linking the amino acid to a specific transfer-RNA 
(tRNA) molecule resulting in an aminoacyl-tRNA. The aminoacyl-tRNA synthetases 
that perform this role are highly selective, both in recognition of the tRNA as well as 
the amino acid to be activated. Recognition of the correct tRNA and correct amino 
acid by the synthetase is a highly specialised job. Although all the tRNA molecules 
differ in their base sequences, different amino acids may vary only slightly. For 
example, the only difference between isoleucine and valine is that isoleucine contains 
a methylene group (-CH2-) not present in valine. Even though isoleucyl-tRNA 
synthetase may mistakenly activate valine (due to the high valine:isoleucine ratio in 
vivo), the synthetase corrects its own errors. Mistakenly activated valine is not 
transferred to isoleucine-specific tRNA, this tRNA promoting the hydrolysis of 
valine-AMP and therefore preventing erroneous incorporation into proteins. Most
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aminoacyl-tRNA sythetases contain hydrolytic sites, and along with the specificity of 
the acylation site this proof-reading corrects most potential errors.
The 3 base-anticodon of the aminoacyl-tRNA recognises the 3 base-codon of mRNA 
by way of standard base-pairing, albeit with some steric flexibility around the third 
base (“wobble”). The process of actually making polypeptide is coordinated by 
ribosomes, which also catalyse the formation of the peptide bonds. Eukaryotic 
ribosomes are ribonucleoprotein assemblies (80S) composed of a small subunit (40S) 
and large subunit (60S). Ribosomes are very prevalent within cells, and very 
complex, containing many different proteins, as well as a total of four RNA 
molecules. These four ribosomal RNA (rRNA) molecules (5S, 5.8S, 18S and 28S) 
are vital to protein synthesis; synthesis can continue in ribosomes virtually stripped of 
the protein, and most antibiotics that interfere with protein synthesis do so by 
interacting with the RNA rather than the protein.
Protein synthesis occurs in three stages; initiation, elongation and termination. 
Initiation involves the binding of a special initiator tRNA (methionine-tRNAi) to the 
start signal (AUG) of the mRNA. The 40S ribosome subunit attaches to the 5’ end of 
the mRNA and scans along the mRNA until the start signal is reached. This process 
is regulated by many initiation factors (elF) and culminates in the joining of the 60S 
ribosome subunit to the complex of initiator-tRNA, mRNA and 40S ribosome to form 
the 80S initiator complex.
Elongation then proceeds, with the next aminoacyl-tRNA binding to the ribosome (at 
the A site), and the ribosome catalysing peptide bond formation between the amino 
group of the incoming aminoacyl-tRNA and the carboxyl group of the previous 
aminoacyl-tRNA (P site). Once this bond has been made, the first tRNA moves from 
the P site to the E site, and leaves the ribosome, and the newly formed dipeptidyl- 
tRNA shifts binding sites on the ribosome (from the A site to the P site) to allow 
further elongation. The ribosome, meanwhile, moves along the mRNA to the next 
codon. Elongation factors (EFloc and EFlpy) control these processes. Termination 
occurs when a stop signal (UAA, UGA or UAG) on the mRNA is read by a release 
factor, eRF. This activates peptidyl transferase which, altered in specificity by eRF, 
hydrolyses a bond between the end of the polypeptide chain and water. This results in 
the release of the completed polypeptide chain. The ribosome dissociates into its two 
subunits, and binding of eIF3 to the 40S subunit prevents the premature dead-end 
joining of the two ribosomal subunits prior to synthesis of a new polypeptide chain. 
The whole process takes as little as 30-60 seconds but is energetically expensive and 
may account for a total of 15-20% of basal metabolic rate (Taylor and Brameld,
1999).
Protein folding completes the process of protein synthesis, bringing together the 
appropriate polypeptide chains and forming them into the correct 3 dimensional 
protein and providing functionality. However, this does not occur spontaneously, but 
sequentially, and mostly assisted by enzymes. Whilst this is occurring, the partly- 
formed proteins are chaperoned to prevent tangling with all the other proteins of the 
cell. Some modifications may be made to proteins following synthesis (post-
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translational modifications), for example enzymatic cleavage into smaller, active 
peptides (e.g. pro-hormones and enzymes); the addition of other chemical groups (e.g. 
glycosylation); and the modification of some amino acids (e.g. phosphorylation, 
méthylation, hydroxylation).
Overall, translation in eukaryotes is regulated at the level of initiation, the rate- 
limiting step. An example is the formation of protein kinases that inactivate the 
initiation factors. Haemoglobin synthesis is inhibited in the absence ofhaem by the 
formation of “haem controlled inhibitor”, that phosphorylates part of eIF2, the 
initiation factor that brings Met-tRNAi to the 40S ribosomal subunit. This renders 
eIF2 unable to initiate haem synthesis, and matches the rates ofhaem synthesis with 
globin synthesis. Translation may also be regulated by activation or inactivation of 
ribosomal enzymes, as well as specific binding of modulators to regulatory regions of 
mRNA, that inhibit translation or stabilise the mRNA.
4.3 Protein degradation
Protein degradation is the dismantling of a protein molecule into its constituent amino 
acids. Two major mechanisms have been described that perform major roles in a wide 
variety of basic pathways during cell life and death. These are lysosome dependent 
and non-lysosomal (ubiquitin dependant) proteolysis, although other pathways exist, 
for example the Ca2+dependent pathway in skeletal muscle. Proteins have a wide 
variety of half-lives with some turning over very rapidly and some very slowly. This 
provides for great control, with for example, the very short half-lives of enzymes 
allowing rapid alteration of metabolic patterns. The half-life of cytosolic proteins is 
partly determined by the stability of the N-terminal residue to ubiquitinylation (the 
“N-end rule” -  (Varshavsky, 1996)), with some amino acids (e.g. alanine, methionine, 
cysteine) being more stable in this position than others (e.g. arginine, leucine, lysine). 
The ubiquitin system is responsible for proteolysis of abnormal proteins that might 
otherwise compromise whole body function or even life. These may be newly 
synthesised proteins that have been subjected to errors in translation, or older proteins 
that have become damaged due to oxidative stress. The ubiquitin system is also 
involved in processing ofMHC (major histocompatibility complex) class I restricted 
antigens, and is now thought to be involved in apoptosis too, a role traditionally 
reserved for lysosomal caspases.
However, there is much, at present poorly understood overlap between the different 
proteolytic pathways, with the degradation of some proteins apparently requiring 
components of both systems, ubiquitin being found within lysosomes, and 
proteasomes degrading non-ubiqutinylated proteins. There is little categorisation of 
the types of proteins degraded by either pathway either -  both short and long lived 
proteins may be degraded by either pathway (Attaix et al., 1999).
Regulation of protein degradation is probably attained through the action of nutrients 
and hormones on both lysosome and ubiquitin dependent pathways, although it is 
possible that a component occurs spontaneously simply due to the presence of 
proteases in protein containing cells. Coupling of this “background” degradation with 
synthesis may result in an obligatory component of protein turnover.
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4.3.1 Lysosome dependent proteolysis
Lysosomes are membrane-limited cellular organelles that contain 40-60 hydrolases. 
Proteins are transported across the lysosome membrane, and following degradation, 
the amino acids are released back into the cytosol. Compartmentalisation of this 
process within the lysosome protects the rest of the cell from the hydrolases and the 
acidic environment they require for activity.
There are several lysosomal pathways, differing in the route of delivery of the protein 
to the lysosome. Macroautophagy is a relatively non-specific part of basal cellular 
turnover, with parts of the endoplasmic reticulum breaking off and fusing with 
secondary lysosomes to produce autolysosomes. The proteins within the 
autolysosome are then degraded, and upregulation of this process can produce large 
amounts of free amino acids during starvation (Attaix et al., 1999). The autolysosome 
is also involved in the proteolysis of specific proteins, as well as portions of the 
cytoplasm (microautophagy). Crinophagy is a pathway for the breakdown of secretory 
proteins, and plays an important role in the basal turnover of export proteins like 
hormones. During transport of these proteins from the trans-Golgi network to the 
plasma membrane, lysosomes may fuse with the secretory granules, resulting in 
proteolysis of the contents. Lysosomes are also involved in the degradation of 
extracellular protein (heterophagy), following the “trapping” of the protein at the 
plasma membrane and invagination followed by subsequent fusion with the lysosome. 
Some of these proteins may be ubiquitinylated, although it is not clear how these 
avoid subsequent proteolysis via that pathway (below) (Attaix et al., 1999).
4.3.2 Ubiquitin dependent proteolysis
Ubiquitin tags proteins for degradation. It is a small (85 kD) protein present in all 
eukaryotic cells and is highly conserved throughout evolution. Degradation via the 
ubiquitin system proceeds in two discrete steps; firstly tagging by ubiquitin, followed 
by proteolysis by a proteasome complex. When a protein is tagged with ubiquitin, the 
conjugation is catalysed by 3 enzymes (ubiquitin-activating enzyme (El), ubiquitin- 
conjugating enzyme (E2), ubiquitin-protein ligase (E3)). Firstly, ubiquitin is activated 
in the presence of ATP to a high-energy thiol ester intermediate by E l. The E l then 
transfers ubiquitin to E2 and a thiol ester linkage is formed between the active site 
cysteine and ubiquitin. The E2 covalently binds the C-terminal glycine of ubiquitin to 
the N-terminal lysine of the protein, and in the presence of E3, further ubiquitin 
molecules may be added to produce a polyubiquitinylated chain. A variety of 
conjugates may therefore be formed, ranging from mono-ubiquitinylated proteins, to 
multiple conjugates, to polyubiquitin chains. The different levels of tagging may 
influence the destination of the protein which may not always be degradation (Attaix 
et al., 1999).
The second step in the ubiquitin-proteasome pathway is proteolysis by the 
proteasome. The polyubiquitin chain probably forms the recognition marker for the 
proteosome, the best-studied example being the 26S proteosome complex. The 26S 
complex is composed of a 20S proteasome plus regulatory complexes. The 20S
92
component is barrel shaped, with the proteolytic sites located within the barrel core. 
The complex incorporates several peptidases and is therefore capable of cleaving most 
types of peptide bonds. Following transfer into the proteasome, the ubiquitinylated 
protein is digested, a process that spares ubiquitin which is subsequently recycled 
(Ciechanover and Schwartz, 1998).
4.4 Regulation o f  protein turnover
Protein turnover is regulated to a large extent by the free amino acid pool, which also 
provides the link between protein turnover and nitrogen balance (Waterlow, 1999). 
The size of the pool is closely regulated, being very small (probably around 0.5% of 
total body amino acids) compared to the fluxes going through it. The pattern of amino 
acids in the free pool is very different to that of body proteins, and is held very 
constant, the main regulatory component for composition probably being amino acid 
oxidation (Waterlow, 1984). Following a meal, excess free amino acids are rapidly 
degraded, due to the high Km of the enzymes initiating catabolism (Krebs, 1972).
Regulation by the free amino acid pool is a component of the proposed “anabolic 
drive” (Millward and Rivers, 1988). Any change to the pool (e.g. influx due to 
feeding, or exit due to fasting) may indirectly result in alterations in protein synthesis 
and/or degradation. This is because essential amino acids may initiate various 
hormonal and metabolic effects on growth, development and protein turnover, prior to 
their oxidation. The oxidation of these regulatory amino acids may be considered to 
be distinct from the oxidation of purely surplus amino acids, and may need to be 
considered a part of the overall nitrogen requirement and not a part of an inefficiency 
of utilisation (Millward and Rivers, 1989; Millward et al., 1991).
The role of hormones in fuel partitioning is well known. For example, following a 
meal, a rise in insulin has a largely “anabolic” role, increasing cellular uptake of 
glucose and amino acids, directing the fuel into storage and helping to prevent 
hyperglycaemia (e.g. conversion of glucose to glycogen, synthesis of triacylglycerols). 
Insulin may therefore be expected to have a role in protein turnover, promoting an 
anabolic state by increasing synthesis and/or decreasing breakdown.
Studies have shown that in the presence of amino acids and insulin, protein synthesis 
is upregulated, and protein breakdown is downregulated, thus supporting the effect of 
feeding (nutritional sensitivity, below), since insulin release occurs concurrently with 
food intake. Insulin regulates both the initiation and elongation stages of translation, 
probably by modulating the phosphorylation of initiation and elongation factors 
(Kimball et al., 1994). If the post-feeding increase in insulin secretion is inhibited by 
diazoxide, the binding of eIF4E to eIF4G is prevented, inhibiting the formation of the 
eIF4E-eIF4G initiation complex and so decreasing protein synthesis (Sinaud et al.,
1999). Fasting decreases the phosphorylation of a binding protein (4E-BP1), that 
competes for binding of eIF4E, promoting the formation of the inactive complex 
eIF4E-4E-BPI rather than the active eIF4E-eIF4G complex (Svanberg et al., 1997). 
Refeeding reverses these effects, with increased phosphorylation of 4E-BP1 and a 
concomitant increase in formation of the active eIF4E-eIF4G complex (Svanberg et 
al., 1997). These responses were also observed in diabetic mice, suggesting that
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insulin was not alone in regulating this process (Svanberg et al., 1997), and the role of 
amino acids was confirmed on finding that the feeding of a protein-ffee diet did not 
dissociate the inactive complex (Yoshizawa et al., 1998).
The ability of the growing animal to undergo significant protein deposition may be a 
result of increased sensitivity to insulin-mediated responses of protein synthesis to 
feeding, and this ability declines with age (Wray-Cahen et al., 1997; Wray-Cahen et 
al., 1998), such that in the adult, insulin has a greater effect on breakdown than 
synthesis (Dawson, 1999).
In fact, insulin is not alone, and many hormone groups are known to have an effect on 
protein synthesis, and in some cases breakdown too, including growth hormone, 
somatomedins, glucagon, thyroid hormones, corticosteroids and prostaglandins.
These hormonal actions often depend on each other, and often have different effects in 
different tissues, for example the opposite effects of glucocorticoids on liver and 
muscle (Waterlow, 1984). However, the most important endocrine regulators of 
protein turnover in the adult are considered to be insulin and growth hormone/insulin­
like growth factor 1 (GH/IGF-1), (Nieto and Lobley, 1999). These two endocrine 
arms may have complementary effects such that GH/IGF-1 stimulates protein 
synthesis (and slightly decreases breakdown) at high intakes and insulin inhibits 
degradation (and slightly increases synthesis) at low intakes (Dawson, 1999).
That protein synthesis and protein breakdown are regulated by nutritional state is 
clear. However, the mechanism by which the two separate processes of synthesis and 
degradation are linked to provide a coordinated response is far from obvious. Specific 
gene expression accounts for an upregulation or downregulation of protein synthesis 
that is specific to the individual protein in the particular cellular environment it finds 
itself. It may be that degradation is not controlled at all, but is simply a fractional 
proportion of the protein available. Alternatively, the activation of protein synthesis 
may result in an induction of lysosomal and proteolytic enzymes (Waterlow, 1984), 
although this would not account for all non-steady state responses.
A further model was proposed recently (Waterlow, 1999); the “cross-over model of 
coordination”. This describes the relationship of the observed responses of synthesis 
and breakdown to increasing amino acid concentration during steady state. With 
increasing amino acid concentration, protein synthesis is increased and breakdown 
decreased. Since these responses are in different directions, they must at some point 
crossover. At this point of balance, the amino acid concentration is such that the rate 
of synthesis and degradation are matched, a concentration that might be different for 
different tissues. There is therefore no need for a signal or sensor; the system is self­
regulating, and with each individual tissue finding its own balance, overall, the body 
will be in balance also.
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4.5 Nutritional sensitivity
Protein turnover is intrinsically linked to the maintenance of N balance, since protein 
synthesis must be in balance with degradation if the body is in overall N balance. Rat 
and human muscle protein turnover responds clearly to an inadequate protein intake 
(Waterlow et al., 1978a; Rennie et al., 1982), but interpreting results from whole-body 
protein turnover methods is complicated. This is partly due to the necessarily 
simplified models employed to study a complex physiological process. Differences in 
methodology, subjects, study design, nutritional state, prevailing diet and feeding 
regimen all complicate the picture further. This has resulted in a large number of 
whole-body studies, many of which report contradictory or non-significant results, 
that are challenging to interpret.
The bulk of studies on the adult at maintenance have been made using human 
subjects, and 3 methods have been used to study the effect of N intake on protein 
turnover in vivo, varying slightly in the conclusions that can be derived from the 
results obtained. The first is to adapt subjects to different protein levels; the second to 
examine the effect of re-feeding on a fasted subject, whilst the third is by measuring 
arterio-venous differences in a cannulated limb pool following infusion of N. The 
studies compared below are mostly using a precursor model of intravenously 
administered 1-[13C] leucine since these data are most prevalent, although results 
obtained by the [15N] glycine endproduct model are given where available.
If a fasted human subject is fed, the acute change in nutritional state promotes an 
increase in protein synthesis and decrease in breakdown (Young et al., 1983; Hoffer et 
al., 1985; Melville et al., 1989 351; Pacy et al., 1994; El Khoury et al., 1995; Gibson 
et al., 1996; Cayol et al., 1997; Fereday et al., 1998; Forslund et al., 1998). The order 
of treatment is important in these studies since analysing fed subjects that are then 
fasted can be complicated by label recycling (Waterlow, 1999). Most studies (fast- 
feed) utilised diets adequate in protein (Hoffer et al., 1985; Pacy et al., 1994; El 
Khoury et al., 1995; Gibson et al., 1996; Cayol et al., 1997; Fereday et al., 1998; 
Forslund et al., 1998). However, two studies included inadequate diets within their 
design (Gibson et al., 1996; Fereday et al., 1998) and in the case of others (Young et 
al., 1983; Melville et al., 1989 351), protein content was not specified. If a fasted 
subject is offered a feed containing an inadequate protein content (Gibson et al., 1996; 
Fereday et al., 1998), there is a slight decrease in synthesis and less decrease in 
breakdown.
Less convincing responses are measured after changes in the prevailing diet.
Following at least 7 days adaptation to a higher protein intake, most studies on the 
adult human report a slight (often non-significant) increase in protein synthesis with a 
larger decrease in degradation (Waterlow, 1999). This suggests that synthesis 
proceeds at a relatively constant rate, while amino acids surplus to requirements are 
rapidly oxidised. Although many studies utilised diets above the human protein 
requirement (Motil et al., 1981b; Goulet et al., 1993; Pacy et al., 1994; Quevedo et al., 
1994; Fereday et al., 1998; Forslund et al., 1998), in some cases (Motil et al., 1981b; 
Hoerr et al., 1993) the lower protein diet was grossly inadequate, being less than the 
0.36g/kgBW/day required to meet the obligatory N loss. The use of such inadequate
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diets accentuated the observed changes in synthesis and breakdown (as would be 
expected when dietary N was initially limiting, with the body’s efforts to recoup 
losses). However, one of the most striking results, a 13% increase in synthesis and a 
5 4 % decrease in breakdown, was achieved on more than adequate diets (Ig 
protein/kgBW/day or 2.5g protein/kgBW/day) (Forslund et al., 1998). However, the 
study was not a crossover design, and also incorporated an exercise regimen that was 
found to induce a relatively catabolic state (decreased synthesis and increased 
breakdown) immediately post exercise, a state that would have to be subsequently 
replenished.
Despite the applicability of the endproduct method to the “chronic” change in 
prevailing diet, relatively few studies have been completed using normal adults. In a 
latin square study of 5 adult humans following a 14d adaptation to diets containing
0.36-1.59g protein/kgBW/d, a Ih intravenous infusion of [15N] glycine in the fed state 
found no significant change in either synthesis or breakdown between the diet groups, 
results that were supportive of simultaneous [1-13C] leucine data (Pacy et al., 1994).
A single oral dose of [15N] glycine was used to measure protein turnover in the 
postabsorbtive state in a crossover study of elderly humans (Pannemans et al., 1995a). 
This study found a significantly increased rate of protein synthesis and breakdown on 
a higher protein (2 1 % of energy) compared to lower protein (1 2 % of energy) diet, 
results that were replicated in young subjects (Pannemans et al., 1995b). However, a 
subsequent study comparing the [15N] glycine endproduct and [1-13C] leucine 
precursor methods in elderly subjects over different protein levels indicated that 
choice of tracer may affect the results (Pannemans et al., 1997). Whilst an increase in 
synthesis was found in subjects adapted to a higher protein diet using [15N] glycine, no 
such increase was seen using [1-13C] leucine, an effect that was attributed to lower 
absolute synthesis rates using the glycine tracer (Pannemans et al., 1997). These 
conflicting results are difficult to explain, although the experimental protocols 
differed markedly including differences in the route of tracer administration.
The route of tracer administration may be critical, and studies using an oral dosing 
regimen (of [1-13C] leucine) have demonstrated that increased N intake promotes a 
larger increase in synthesis and a smaller decrease in breakdown than when the tracer 
is provided intravenously (Melville et al., 1989; Hoerr et al., 1993). Whilst oral 
administration may provide the more physiological model (relevant to food ingestion), 
20-30% of labelled amino acid given in this way is sequestered by the liver; the “first- 
pass effect”. The very high protein turnover of the splanchnic tissues (gut and liver) 
may therefore produce an erroneous estimate for whole body turnover for isotope 
provided by this route. However, support for the oral results is provided by an 
alternative approach using a simultaneous infusion of [2H] leucine and [13C] leucine. 
Using a two pool model, and measurement of the uptake of 2H label into the rapidly 
synthesised apolipoprotein B-100, enabled separation of leucine kinetics in splanchnic 
xand non splanchnic regions (and so accounting for the first-pass effect) (Cayol et al., 
1997). Using this protocol, the provision of 1.5g protein/kg/d compared to no dietary 
protein resulted in a 30% increase in synthesis and no change in breakdown, 
supporting previous findings (Melville et al., 1989; Hoerr et al., 1993). The findings 
above of increased synthesis and increased breakdown after adaptation to higher
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protein intakes using a single oral dose of [15N] glycine (Pannemans et al., 1995a; 
Pannemans et al., 1995b; Pannemans et al., 1997) are therefore supported.
Overall then, acutely increasing dietary N (e.g. feeding a fasted subject) generally 
increases protein synthesis and decreases protein breakdown, the combination of 
which allows the subject to lay down protein (anabolism). After adaptation to a 
change in the prevailing diet there may be a coordinated change in both protein 
synthesis and protein breakdown. If the prevailing dietary protein intake is increased, 
for example, synthesis and breakdown may be increased. If the prevailing protein 
intake is inadequate, the extra losses incurred by eating this diet will tend to be 
replenished if that subject is offered more protein. This results in an exaggerated 
anabolic response. If a fasted (albeit normally nourished) subject is offered a diet 
inadequate in protein, a more catabolic response is seen with less decrease in 
breakdown as the body catabolises amino acids to supplement dietary intake. This 
catabolism is performed mostly in the skeletal muscle, a tissue that provides a large 
proportion of amino acids during fasting, prolonged exercise and starvation for use as 
a gluconeogenic fuel. The important role of muscle during fasting was demonstrated 
previously (Rennie et al., 1982), after measuring changes in response to refeeding in 
the whole body and in muscle. Protein synthesis was doubled within the muscle upon 
refeeding, compared to the 40% increase observed in the whole body.
The response to feeding results in diurnal rhythms of turnover in the human, due to 
daytime feeding and night-time fasting behaviour (Garlick et al., 1980). This 
oscillation of fed state gains, and fasted state losses is amplified at higher protein 
intakes, but balance is achieved over 24 hours (Pacy et al., 1994). These diurnal 
rhythms of turnover are reflected in the 24 hour patterns of amino acid oxidation and 
nitrogen balance, with greater N intakes increasing the amplitude of the changes in 
turnover, oxidation, urea excretion and N balance (figure 4.1, page 99) (Steffee et al., 
1981; Pacy et al., 1994; Price et al., 1994; Quevedo et al., 1994). The increasing 
amplitude of oscillation as N increases, means that in order to balance fasting losses 
requires a protein intake that is dependant on the habitual protein intake (Millward 
and Rivers, 1989; Millward et ah, 1991). Following on from this, after adequate 
adaptation, N balance should be achievable on any adequate protein intake. This is 
intuitively the case, but apparently not seen in practise, with steadily greater positive 
balances seen at higher N intakes (see chapter 2).
Since energy intake affects nitrogen balance, it would be expected that changing the 
level of dietary energy should affect protein turnover. However, moderately 
increasing or decreasing (by about 25%) energy intake in normal subjects had little 
effect on turnover (Motil et al., 1981a; Yang et al., 1986). Studies on obese subjects 
undergoing greater energy deficits also show little effect, but may be complicated by 
the subjects drawing on their fat reserves and so not being truly energy “deficient” 
(Waterlow, 1995).
A further technical complication in the attempt to summarise the wide variety of 
studies arises from one of the assumptions made. That is, that the subject is in steady 
state, and therefore enabling application of the equation Q=S+0=B+I. This is critical 
in studies which move from fasting to feeding (particularly if the meal size is large),
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far from a steady state, and application of non-steady state equations to such data 
result in findings of large increases in synthesis with intake (Waterlow, 1995). There 
is therefore an increasing body of evidence that N intake may have a larger effect on 
synthesis than breakdown, in complete contrast to earlier conclusions.
However, further discrepancies are evident in studies of limb metabolism (Gelfand et 
al., 1988; Pacy et al., 1988; Bennet et al., 1989; Goulet et al., 1993). This technique is 
based on study of a single limb, utilising measurement of blood flow, and arterio­
venous differences in amino acid and isotope concentrations. The introduction of N 
into this system (via amino acid infusion) usually increased synthesis by around 30%, 
but had a more variable effect on breakdown, either increasing, decreasing or causing 
no change (Waterlow, 1999).
It is not clear if the discrepancies in turnover provided by all these studies are true 
physiological differences, or a result of variations in experimental design.
4.6 Experimental study o f whole body protein turnover in the cat
Paper submitted to British Journal of Nutrition
4.6.1 The problem, aims and objectives
Daily whole body protein turnover in other species is fairly consistent at around 16g 
protein per unit metabolic mass (kgBW0-75) (Waterlow, 1984), but it is currently 
unknown what the usual rate of protein synthesis and breakdown are in the cat, or how 
these might respond to changes in nutrition. However, a study in vitro has suggested 
that feline protein breakdown may be sensitive to dietary protein intake (Silva and 
Mercer, 1991). Following a 3-week pre-feed of diets either low (175g/kg soy protein) 
or high (700g/kg soy protein) in protein, cats were fasted for 16 hours prior to removal 
of liver slices and homogenate. Two indices of the potential activity of the lysosomal 
pathway of proteolysis were assessed; the osmotic fragility of the lysosomes and the 
aggregate volume of lysosomal components. Both were found to be significantly 
increased in high protein fed cats suggesting that their lysosomes were larger, a factor 
thought to relate to the increased activity of the autophagy pathway of degradation. 
Increased breakdown of protein would be expected following a 16 hour fast, and 
would be expected to be greater on a high protein diet due to the amplification of 
diurnal rhythm described above (Pacy et al., 1994). This work in vitro (Silva and 
Mercer, 1991) therefore supports the consensus regarding nutritional sensitivity 
(Waterlow, 1999).
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It is therefore of interest to study whole body protein turnover in vivo in the cat, and 
determine what the absolute rate of turnover is, and whether this responds as other 
species do to changes in dietary protein, thus constituting a mechanism to enable the 
maintenance of N balance.
4.6.2 Experimental design
Whether end-product or precursor methods are used (below), there are two ways of 
handling the data; compartmental or stochastic analysis. Compartmental analysis 
involves the analysis of the change in labelling at different times (i.e. the slope), and 
usually involves several isotopes and multiple samples from many sites. The data are 
analysed and a model constructed that provides the best fit (Waterlow, 1995). 
Stochastic analysis is simpler, with the number of compartments (e.g. the two pools, 
below) set from the beginning and the study designed from that. Stochastic analysis is 
used in most studies, including analysis from steady state plateaus (e.g. precursor 
models) and the cumulative excretion of a single dose (e.g. end product method).
Results obtained from compartmental and stochastic analysis are comparable, and 
although stochastic analysis provides less information, this is more reliable and more 
easily obtained than compartmental models (Waterlow, 1984; Waterlow, 1995).
A “two pool” stochastic model is most often used in the study of protein turnover 
(figure 4.2, page 102). The first pool comprises all the free amino acids of the body 
(e.g. in plasma and tissue fluid), which continually recycles amino acids to and from 
protein (the second pool) as a result of synthesis or breakdown. Turnover is therefore 
the rate of exchange between these two pools. If a labelled amino acid is introduced 
into the free pool (e.g. by dosing) the disappearance of the label from the free pool 
into synthesis and catabolism (or its appearance in an endproduct of metabolism) can 
be used to deduce what is happening at the site of synthesis and breakdown.
The use of a simplified model such as this requires certain assumptions, and for the 
end-product method these include
1. There is a single pool of metabolic N (free amino acids) in which 
the isotope is uniformly distributed, and therefore the proportion of 
the dose excreted in an end-product from that pool equals the 
proportion of the N turnover (flux) excreted as that end product.
2. There is a protein pool into which isotope enters (due to protein 
synthesis) and from which there is no recycling of isotope back into 
the metabolic N pool during the course of the study.
3. The rate of N metabolism remains constant during the experiment.
4. The labelled amino acid is a valid tracer for total amino nitrogen.
These assumptions cannot always hold, and this should be considered when analysing 
the data. The pools cannot always be in a steady state (e.g. in response to growth and 
starvation), although this error is arguably minor during short studies. Instantaneous 
mixing physically cannot occur following introduction into the free amino acid pool,
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and it is hard to consider all the proteins of the body as one pool. However, these 
problems do not detract from the usefulness of the model in determining the overall 
response (Waterlow et ah, 1978a).
Labelling different parts of the amino acid gives rise to label excreted on the breath 
(carbon labelling) or in the urine (N labelling), and these have given rise to two major 
techniques; precursor methods and end product methods for measuring whole body 
turnover. Precursor methods sample the precursor pool for synthesis, whilst end 
product methods sample the end product of degradation.
4.6.2.1 Precursor methods
In most precursor methods, carbon-labelled essential amino acids are infused 
intravenously until a constant value for plasma isotopic enrichment is achieved (the 
plateau) (Waterlow, 1967). Flux is the total turnover rate of the free amino acid pool 
and is obtained from the enrichment of the amino acid in the plasma.
Q=i/Amax
where i is the rate of isotope infusion into the subject and Amax the isotopic 
enrichment of the amino acid in the plasma at plateau. Synthesis and breakdown can 
then be calculated (from Q=S+E=B+I) since input and oxidation can be independently 
measured (via dietary analysis and excretion of label on the breath respectively). The 
results obtained are specific to the amino acid used, and conversion to protein requires 
knowledge of the amino acid composition of body protein. Since analysis provides an 
estimate that may or may not be an accurate portrayal of the tissues actually turning 
over, this is a potential source of error. However, this does not prevent inter-study 
comparisons being made.
The attainment of plateau is more quickly achieved by providing a bolus of the amino 
acid as a priming dose (Matthews et al., 1980), reducing the length of study from 24 
hours to 2 hours. The most widely used tracer has been [1-13C] leucine, because its 
small free pool in the body enables the rapid achievement of isotopic plateau during 
studies. However, dilution of the label at the site of turnover (the cell) compared to 
higher levels at the site of sampling (the plasma) meant that flux was underestimated 
by 25-30% (Waterlow, 1984). This inaccuracy was addressed by incorporating a 
measure of a-ketoisocaproic acid (Matthews et al., 1982; Rennie et al., 1982). This 
correction relies on the assumption that labelling of this transamination product of 
leucine reflects the labelling of the intracellular leucine from which it derives. 
However, using the enrichment of a single metabolite can not reflect activity in every 
tissue, and this method may result in over estimation of flux, and a concurrent 
exaggeration in the calculation of breakdown (Waterlow, 1999).
101
Figure 4.2: Two-pool model for whole body protein turnover (Garlick and Fern,
1984).
DIETARY AMINO 
ACIDS
Free 
amino acid 
pool
SYNTHESIS (S)
BREAKDOWN
OXIDATION (E)
Body
protein
Nitrogen
excretion
Carbon dioxide 
excretion
102
Another potential source of error occurred in the measurement of labelled CO2 for the 
calculation of oxidation, usually achieved by separate measurement of enrichment and 
total production in expired air. Low recovery of carbon labelled bicarbonate showed 
that label was being lost, apparently retained in the body, but is readily corrected for 
by including NaH13C0 3  in the infusion (Garlick and Fern, 1984) for the purposes of 
calibration.
4.6.2.2 End product methods
Administration of nitrogen labelled amino acids results in excretion of labelled 
nitrogen in urine. Since most amino acids undergo transamination reactions (when 
amino groups are swapped between amino acids), this means that the label will not 
remain attached to the specific amino acid that was administered, but will be 
distributed throughout (and represent) the whole free amino acid pool. Since the end 
products of nitrogen metabolism (urea and ammonia) are derived solely from the free 
amino acid pool, their labelling can be considered as representative of that pool. A 
study measuring the uptake of label into other amino acids after a 40-60 hour infusion 
of [15N] glycine showed that the label was rapidly distributed throughout the free 
amino acid pool (Matthews et al., 1981). Despite the low absolute enrichments found 
in some amino acids, when calculated against each amino acid’s fractional 
contribution to body protein (and hence eventually urea N production), the observed 
partitioning of label totalled the urea N enrichment pool (Matthews et al., 1981). This 
confirms the validity of the glycine end product approach.
[15N] glycine has been most widely used in end product models, originally due to its 
low cost, and can be used in a way similar to the precursor method above (Picou and 
Taylor-Roberts, 1969), when an infusion of labelled glycine results in a plateau in 
urinary urea, which can be used to calculate synthesis and breakdown as above. 
However, plateau of label in urea may take 2-3 days to achieve due to the large pool 
size of urea, which delays its excretion. Shorter protocols (e.g. 9 hours) can be 
achieved by using urinary ammonia instead of urea (Waterlow et al., 1978b), using a 
priming dose (Jeevandam et al., 1985) or by estimating the amount of label remaining 
in the body urea pool (Fern et al., 1981).
However, the development of the single dose model, with [15N] glycine administered 
as a single dose (Waterlow et al., 1978b) meant that it was possible to measure protein 
turnover non-invasively and in the field. Flux (Q) is calculated from the cumulative 
excretion of the label in a urinary endproduct (either ammonia or urea):
Q = E a 'd /ea
where Ea is the rate of unlabelled N excretion in that end product, d is the dose of 15N 
given and ea is the cumulative amount of label excreted in the endproduct. Rates of 
synthesis and breakdown can then be calculated from Q = S + E = B + 1, as for 
precursor models, with E in this case being the total excretion of N in urine.
The single dose model can be performed in short studies (e.g. 9-12 hours), since it is 
not vital to wait for all label to clear the urea pool (as long as it has cleared the free
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amino acid pool). A correction for label delayed in the urea pool can be made by 
measuring plasma urea concentration at the start and end of the study period. The 
absolute amount of label remaining in the urea pool can then be calculated, and added 
to that excreted in urine.
The single dose model assumes that the fraction of label excreted in either end product 
is the same as the contribution of unlabelled N excreted in that end product to the total 
flux (d/ea = Q/Ea). This means that using either end product (urea or ammonia) 
should give the same answer. In general the flux rate obtained from measurements in 
urea are higher than those in ammonia, and this difference is exaggerated by feeding 
and intravenous administration of isotope. This may be due to the different sites of 
end product synthesis (different free amino acid pools), since the precursors for urea 
(aspartate, glutamate and ammonia) originate in the liver whilst urinary ammonia is 
derived from glutamine in muscle (Waterlow, 1984). Thus the route of administration 
of [15N] glycine can influence the relationship between the labelling of urea and 
ammonia (Fern et al., 1981; Reeds and Garlick, 1984). However, an average of the 
two, the "end product average", gives the best estimate for whole body turnover and is 
not influenced by site of presentation (Fern et al., 1981).
Unfortunately, since each amino acid has a different metabolic role and different rates 
of turnover, the result obtained in measures of whole body protein turnover is largely 
dependent on the amino acid used to calculate it. Metabolic compartmentation has 
been demonstrated by calculating whole body protein synthesis using a single (oral or 
intravenous) dose of various [15N] labelled amino acids in a single subject (Garlick 
and Fern, 1984; Fern et al., 1985). Urea and ammonia gave different values, and this 
difference varied depending on the route of administration of label. The end product 
averages however, varied little between route of administration for all amino acids 
except glycine, although they varied markedly between each other. This was probably 
due to compartmentation, since glutamine and alanine (which take part in inter-organ 
transfer of N) readily lost their label resulting in low rates of synthesis. Lysine in 
contrast gave high rates of synthesis whilst glycine gave an intermediate rate, 
supporting the extensive use of glycine in single dose studies.
Unfortunately, these two findings that different amino acids and end products give 
different answers, invalidate the assumption that the free amino acid pool is a 
homogenous entity, one of the fundamental requirements of the model (Reeds and 
Garlick, 1984). However, reassuringly, the results obtained using the [15N] glycine 
endproduct average method agree well with those obtained using [1-13C] leucine 
(Waterlow, 1995).
4.6.2.3 Comparison o f  methods
Both precursor methods and endproduct methods have been used extensively, and 
selection of either for an individual study is dependent on many factors. Both 
techniques often give similar results (Waterlow et al., 1978a; Waterlow, 1984; Pacy et 
al., 1994), although it is necessary to apply a conversion factor to precursor method 
results to allow comparisons to be made with results obtained with endproduct 
methods. This is because precursor methods measure the flux of a single amino acid,
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whilst end product methods measure total N flux. The correction depends on exactly 
which amino acid was used in the precursor model since each amino acid is not 
equally represented in body protein; leucine, for example comprises effectively about 
8 % of body protein (Waterlow, 1984). Following such corrections, [13C] leucine and 
[15N] glycine give similar results (Reeds and Garlick, 1984; Waterlow, 1984), both 
resulting in synthesis rates of 3-6g protein/kgBW/day for a normal adult human.
Both techniques also have similar reproducibility. Repeated measurements in a single 
individual using a single dose of [15N] glycine and an end product average resulted in 
a c.v. of 3.5% for flux and 6.7% for synthesis (Fern et al., 1984), whilst 
reproducibility with a primed infusion of [1-13C] leucine was 6 .8 % (Bier et al., 1981).
Studies should be of sufficient length to reach plateau (precursor methods) or 
clearance of label (end product methods), but not so long as to allow recycling of label 
(i.e. more than one entry into the free amino acid pool). Whilst many infusion studies 
are completed within a few hours, these techniques are very labour intensive, 
relatively invasive (requiring the use of cannulae and simultaneous calorimetry) and 
usually require a clinical setting. End product methods take longer (usually 12-48 
hours), but are non-invasive, requiring only the collection of excreta and sometimes 
blood samples. The choice of method may also be determined by limitations of 
available equipment. Precursor methods with their small sample size (although high 
enrichment) require GC-MS (gas chromatography mass spectrometry) analysis, whilst 
the abundance of sample but low enrichment of end products requires access to IRMS 
(isotope ratio mass spectrometry). In either case, the dose should not be so large that 
it floods the free amino acid pool, necessitating its immediate disposal.
4.6.2.4 Choice o f  methodology and design o f study
For the current study, a single dose of [15N] glycine was selected (Fern et al., 1981) 
due to its non-invasive nature, and anticipated difficulty in obtaining simultaneous 
infusion data and total CO2 by indirect calorimetry. Urinary urea and ammonia were 
extracted after adaptation of the method of Read et al (Read et al., 1982). A crossover 
design was selected, using diets moderate (20% protein energy) or high (70% protein 
energy) in dietary protein, pre-fed for 14 days prior to commencing measurements. 
This study design was selected to increase sensitivity, since it was anticipated that any 
difference due to diet might be small relative to inter-subject variability.
The route of administration selected for the dose was intravenous. Although oral 
administration might provide a more physiologically relevant result, the possible 
presence of a small intestinal flora in healthy cats (Johnston et al., 1993) would be 
likely to contribute a “local” metabolism of the amino acid prior to its uptake into the 
free amino acid pool and hence influence the apparent flux. Calculations were 
obtained from the arithmetic end product average method following a 48 hour urine 
collection, with correction for label remaining in the body urea pool by determination 
of the change in plasma urea pool size over the length of the study.
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4.6.3 Methods and materials
4.6.3.1 Animals, diets and experimental design
This study conforms to the guidelines of the WALTHAM ethical review committee. 
Cats were housed individually in environmentally enriched lodges and group 
socialised for several hours each day except during periods of excreta collection. The 
lodges were equipped with litter trays designed to maximise urine collection. These 
were 0.61x0.21 m in size and constructed of sheet aluminium coated with PTFE 
(Teflon™). The base sloped steeply into one comer, where a hole drained into the 
collection bottle suspended below. Recovery from this system was found to be 99.4 ± 
SE 0.07% (n=12) after a simulation exercise. Water was poured quantitatively over 
the surface of the tray and collected within 1 minute, using volumes within the range 
commonly voided by cats (e.g. 100-300ml). Following familiarisation, all cats 
demonstrated reliable urination habits using these trays. Careful collection of urine is 
particularly important in the feline since urination frequency is low, often only once 
per day.
Six adult cats (4 males, 2 females; mean age 3.7 years ± SE 7 months; mean 
bodyweight 5.0 ± SE 0.4 kg) were allocated to two treatment groups. Measurements 
were conducted when cats were fed each of two diets (moderate protein, MP and high 
protein, HP) in a balanced crossover design. The cats were offered the allocated diet 
solus and were fed to appetite, being offered generous portions twice a day. The 
isoenergetic diets were preparations of boiled chicken breast, lard and glucose, with 
vitamins and minerals added to meet requirements (NRC, 1986), and carob solution to 
thicken (Table 4.1, page 113). The MP diet was formulated to provide 20% energy 
from protein, a level that is approximately 50% that found in standard commercial cat 
foods but is usually thought sufficient to ensure good maintenance of intake and 
bodyweight. The HP diet was formulated to provide 70% energy from protein, a level 
at the top of the range of commercial cat foods. A correction to food intake data 
(assessed gravimetrically) was made for loss of weight of diets due to evaporation, 
calculated by leaving an identical bowl of each diet in an empty lodge for each meal. 
Evaporation during the morning meal (6 hours) was 2.03 ± SE 0.18% (n=4) from the 
MP diet and 3.24 ± SE 0.06 % (n=4) from the HP diet. Evaporation during the 
overnight meal (18 hours) was found to be 9.30 ± SE 1.4% (n=4) from the MP diet 
and 12.75 ± SE 0.18% (n=4) from the HP diet. Energy intake was calculated using the 
corrected food intake and calculated dietary predicted metabolisable energy (Table 
4.1, page 113).
Each phase consisted of a 13d prefeed followed by 72h study. Following the prefeed, 
urine and faeces collection commenced (0900h day 0) to establish baseline excreta 
[15N] values for each cat. Each defecation was immediately weighed and frozen at - 
20°C. Each 500ml urine collection bottle contained 5ml 5M HC1 as preservative, and 
bottles were changed every 24h, the urine being mixed, weighed and then frozen at - 
20°C.
Food was withdrawn at 0800h on day 1 and cats fasted for 2h to standardise their
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metabolic states. At 1000b on day 1 the cats were weighed and a venous (jugular) 
blood sample was taken (into heparin) for measurement of plasma urea, followed 
immediately by an intravenous dose of [15N] glycine into the cephalic vein. The [15N] 
glycine (99.5 at% (atom percent) Cambridge Isotope Laboratories Inc, Massachusetts) 
was prepared as a 50.0mg/ml stock solution in sterile physiological saline immediately 
prior to use, and administered at a dose of 5.0mg/kg bodyweight. Each cat was 
immediately fed on return to its lodge following these procedures, and urine and 
faeces collected for the subsequent 48h. Food was continuously available throughout 
the collection period. On day 3, food was again withdrawn at 0800h and cats fasted 
for 2 h and weighed prior to withdrawal of a venous blood sample for measurement of 
plasma urea. There was a 4d rest period between the two phases of the study.
4.6.3.2 Chemical analyses
N content of diets, urine and faeces were determined by the Dumas procedure using an 
automated Leco FP428 analyser (The Leco Corporation, Saint Joseph, Michegan, 
USA) by Central Nutrition Laboratory, Pedigree Masterfoods, Melton Mowbray, UK. 
Urinary urea concentrations were determined by the method of Marsh et al (Marsh et 
al., 1965) using a Technicon Auto analyser (Technicon Instruments Corporation, 
Tarrytown, NY, USA). Plasma urea concentrations were determined using a Kone 
Selective Delta analyser (ThermoClinical Labsystems Oy, Espoo, Finland). Urinary 
ammonia concentration was determined by the Berthelot reaction using a Technicon 
Auto analyser (Technicon Instruments Corporation, Tarrytown, NY, USA). Urea and 
ammonia analyses performed by Rowett Research Services, Aberdeen, UK.
4.6.3.3 [15N] analyses
Ammonia-N and urea-N were extracted from urine following a method adapted from 
that published earlier (Read et al., 1982). A cation exchange resin (AG-50, 100-200 
mesh, x8 , HT form; Biorad, Richmond, CA, USA) was converted to the Na/K form by 
stirring 100g resin for 15 min with each of three 600ml batches of 0.1 M NaOH. The 
resin was then washed to neutrality with deionised water and stirred for 15 min with 
each of three 600ml batches of 0.2M sodium potassium phosphate buffer (27.2g 
KH2PO4 dissolved in 800ml deionised water, pH adjusted to 7.4 with 10M NaOH, and 
made up to 1L). The resin was again washed to neutrality prior to making up to a total 
weight of 400g with deionised water and storage at 4°C. Prior to use, the resin was 
drained and washed with HPLC-grade water (Sigma Aldrich Co, Gillingham, UK).
4.6.3.4 Extraction and analysis o f  urinary ammonia-N
Urinary ammonia-N was extracted in duplicate by the addition of the amount of urine 
containing 600pg ammonia-N to a cation exchange column containing 2ml AG50W- 
X8  resin previously converted to the Na/K form. All liquid was allowed to pass 
through the column followed by 3 ml HPLC-grade water to wash. The ammonium 
bound to the column was eluted using 1ml 1M KOH then 1ml HPLC-grade water, and 
immediately acidified by collecting into a tube containing 180pl 2M H2SO4 and 20pl 
BPB (Bromphenol blue, Sigma Aldrich Co, Gillingham, UK, 1% in HPLC-grade
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water) indicator. The samples were freeze dried prior to hypobromite treatment.
Hypobromite treatment was necessary since the extracted ammonium sulphate 
samples were found to contain a large amount of N from an unidentified source. 
Hypobromite would be expected to produce N2 gas only from the ammonia-N in the 
sample. Each sample was dissolved in 250pl N-ffee deionised water and transferred 
to a Louwers Hapert bottle (PO box 27, The Netherlands). The sample was frozen by 
lowering the tube slowly into liquid N, and 0.5ml lithium hypobromite solution (10% 
lithium hydroxide in water plus 2ml bromine, bubbled with He) added. The tube was 
evacuated for 5 minutes at O.OOOlmbar before incubating at 60°C for 15 minutes, or 
until ready for analysis. The sample was frozen by slowly lowering the tube into liquid 
N and a duel inlet isotope ratio mass spectrometer (IRMS; SIRA 12, VG Isogas, 
Middlewich, Cheshire, UK) used to analyse the N gas. The N gas was ionised by 
electron impact ionisation and the ratio of ions 29/28 and 30/28 were compared to 
those of a known standard. Hypobromite treatment and mass spectrometry performed 
by Rowett Research Services, Aberdeen, UK. The principles of mass spectrometry 
are described in appendix 7.
4.6.3.5 Extraction and analysis o f  urinary urea-N
Urinary urea-N was extracted by a 2-step procedure, with urea first extracted from the 
urine matrix prior to conversion to ammonium sulphate. This was necessary due to 
the presence of inhibitors in cat urine that prevented direct reaction with urease. A 
cation exchange column containing 2 ml of resin (AG-50,100-200 mesh, x8 , form; 
Biorad, Richmond, CA, USA) prewashed with HPLC-grade water, was used to 
separate urea from urine. The volume of urine containing 250pmoles of urea was 
placed on top of the resin and all liquid allowed to pass through the column, followed 
by 5ml HPLC-grade water to remove any contaminants. Then 55ml of HPLC-grade 
water was added, and the eluate collected.
The urea was converted to ammonia by treatment with urease prior to conversion of 
ammonia to ammonium sulphate. Urease (type III from jack beans, Sigma Aldrich 
Co, Gillingham, UK) was prepared by dissolving 25mg in 10ml sodium phosphate 
buffer (17.3g Na2HP0 4 +10.8g NaH2PO4dissolved in 800 ml HPLC-grade water, adjusted 
to pH 7 and made up to 1L). That volume of the urea solution (adjusted to pH5.5-7.5) 
containing 600pg N was added to a bottle containing 170pl urease solution (7 units 
activity) and 5ml sodium phosphate buffer. The bottle was placed on a roller-mixer 
and incubated for 2h at room temperature, prior to the addition of 2 drops H2SO4 to 
acidify. The incubation mixture was added to a column containing 2ml AG50W-X8 
resin previously converted to the Na/K form. All liquid was allowed to pass through 
the column followed by 3ml HPLC-grade water to wash. The ammonium (derived 
from urea) bound to the column was eluted using 1ml 1M KOH then 1ml HPLC-grade 
water, and immediately acidified by collecting into a tube containing 180pl 2M H2SO4 
and 20pl BPB (Bromphenol blue, 1% in HPLC-grade water) indicator. The samples 
were then freeze dried prior to analysis in triplicate by combustion- continuous flow- 
mass-spectrometiy to determine m/z (mass/charge) 29/28 and 30/28 (Tracermass 
20/20, Europa Scientific, Crewe, UK)
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The level of enrichment obtained in the two end products (ammonia and urea) should 
be similar. Any differences > ± 25% were investigated by hypobromite treatment (as 
above) of the urea solution to rule out contamination. Hypobromite treatment and 
mass spectrometry performed by Rowett Research Services, Aberdeen, UK.
m/z 29/28 and 30/28 in freeze-dried faeces was determined by combustion-continuous 
flow-mass-spectrometry, by Rowett Research Services, Aberdeen, UK.
4.6.3.6 Model
N flux, protein synthesis and degradation were determined in ad libitum fed cats using 
the single intravenous dose, [15N] glycine end-product model (Waterlow et al., 1978b; 
Fern et al., 1981). This was modified for use in the current study, with 48h allowed 
for excretion of isotope. This time-frame was selected following a previous study 
(Russell et al., 2000) that showed that 48h was required for complete excretion of 
isotope following an intravenous dose of [15N 15N] urea (Zuur et al., 2000). This was 
also necessary due to the infrequent urination of the cats.
The model (figure 4.3, page 118) assumes the existence of two pools of N in the body; 
a free amino acid pool and a protein pool. Introduction of isotope-labelled N (d) into 
the free amino acid pool is assumed to mix homogeneously within the pool. Amino 
acid N leaves the free pool and enters the protein pool via protein synthesis (Z). There 
is assumed to be no re-entry of isotope from the protein pool into the free amino acid 
pool (i.e. protein degradation, B) within the time course of the study. N also leaves 
the free pool due to amino acid oxidation (E), and this is traced by monitoring 
excretion of N in urine. A further exit from the free amino acid pool incorporated into 
the model for the current study was into faeces (F).
The single dose model assumes that the fraction of label excreted in either end product 
is the same as the contribution of unlabelled N excreted in that end product to the total 
flux (d/ex = Q/Ex) (Waterlow et al., 1978a). The flux (Q) was calculated separately for 
ammonia and urea excretion and the “end-product average” technique (Fern et al., 
1981) employed to calculate N flux for each sample:
Q = E x d /ex
where Q is the rate of N flux (mmol N/48 hr)
Ex is the excretion of ammonia or urea (mmol N/48 hr) 
d is the dose of isotopic N (mmol 15N)
ex is the amount of isotope excreted in ammonia or urea (mmol 15N/48 hr)
Urea excretion was corrected for changes in the size of the urea pool over the 48h 
collection period, as well as for further loss of N into faeces (F). The change in size 
of the pool (mmol N/48h) was calculated from the plasma urea concentration (mmol 
N/L), which was converted to total amount in plasma water (assumed to be 92% of 
plasma volume) assuming body water content to be 0.6*BW:
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change in urea pool (mmol N48h) = (urea end N mmol/L * (100/92) *0.6kgBWend) - 
(urea start N mmol/L *(100/92)*O.ôkgBWstart)
Changes were added to the observed urinary urea excretion.
Ammonia excretion was uncorrected for any changes in blood levels. The proportion 
of total faecal N likely to originate from the body (rather than food) and therefore 
constituting an exit (F) from the free amino acid pool was calculated from (faecal 
[15N]/urinary urea [15N]) x total urinary urea N. This was added to the urea excretion 
(Ex), and faecal [15N] excretion added to isotope excretion (ex) during calculation of 
urea flux. This principle assumed no contribution to faecal 15N by food, and that label 
entered the gut at the same enrichment as urinary urea.
Rates of protein synthesis and breakdown were calculated from the arithmetic mean of 
ammonia and urea fluxes (Q) using the expression
Q = E + Z = I + B
where E is the total urinary N excretion, corrected for changes in urea pool size as 
above.
Z is the rate of whole body synthesis
I is the rate of intake of N from the diet
B is the rate of whole body breakdown (degradation)
all expressed as mmol N/48 hr, and converted to protein using 14 ' 6.25 as conversion 
factor.
The data, presented as mean ± SE were analysed by paired t test, with p<0.05 
considered significant. Data are expressed as per 24h, derived by dividing the 48h 
measured value by 2 .
4.6. S. 7 Urease inhibitor activity in feline urine
During the development of the extraction method for use on feline urine it was 
apparent that treatment of cat urine with urease yielded minimal ammonia, despite 
manipulation of incubation conditions. This was likely due to the presence of urease 
inhibitors in cat urine since pre-extraction of the urea using a strong cation exchange 
resin (AG50W X8  resin, 100-200 mesh H+ form, Bio-Rad Laboratories, Hercules,
CA) followed by elution with excess water, rendered it susceptible to urease action 
(urease type III from jackbean, Sigma Aldrich Co, Gillingham, UK). The identity of 
the urease inhibitors was investigated as described in Appendix 8 .
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4.6.4 Results
One cat (male, age 5y 10m, bodyweight 6.1kg) produced anomalous results when fed 
the HP diet and no explanation could be found for this result although possibilities 
include an inaccurate dose. This was evident as very low flux and derived values (i.e. 
ammonia and urea flux values of 48% and 62% of the remaining 5 cats). Since this 
meant that the calculated protein breakdown rate was impossibly negative this cat was 
omitted from the subsequent analysis (data shown in Appendix 9).
For the remaining cats, bodyweight was well maintained on both diets, with mean 
(n=5) change over the 16d study being -5.4+1.7%  for the MP diet and 2.4 ± 1.0% for 
the HP diet. During the 48h study period following the dose, absolute mean (n=5) 
bodyweight changes were 2.7 ± 12.8g/d for the MP diet and -0.1 ± 21.2g/d for the HP 
diet, although this was not significantly different (p>0.05).
There was no difference (p>0.05) in energy intake between the two diets, either during 
the 14d prefeed (113.8 ± 21.7kJ/kgBW/d (MP) and 162.5 ± 25.6 kJ/kgBW/d (HP)) or 
2d test phase (102.5 ± 27.1kJ/kgBW/d (MP) and 148.6 ± 17.2 kJ/kgBW/d (HP)). 
However the lower mean value for MP reflected a low food intake for cats 1,2 and 5 
(Table 4.2, page 114), that was reflected in bodyweight loss in these cats. Therefore 
the observed responses in protein turnover will to some extent reflect the lowered 
energy as well as protein intake. However, there was poor correlation between protein 
synthesis and bodyweight change (linear regression, R2=9.4%, intercept =356.9, 
slope=0.79, p=0.6) indicating that energy intake was unlikely to be driving the 
observed changes in protein synthesis.
The 48h change in urea pool size was different between the two diets (p<0.05) (Table
4.3, page 115). Faecal N excretion for these diets was low, amounting to 34.5 ± 5.6 
mmol N/48h (n=l 1 faeces samples), although higher on the HP diet (pO.OOl) (Table
4.3, page 115).
During the period of feeding the HP diet, the cats had a greater N intake (p<0.05) and 
greater urinary N excretion (p<0.05) than during the MP phase. Mean N balance over 
the 48h study period was -34.2 ± 2.9 and -4.8 ±21.1 mmolN/d for MP and HP diets 
respectively. For the MP diet group, N balance was less than zero (i.e the MP cats 
were in negative N balance) (one variable t test, pO.OOl), although the N balance of 
the HP group was not different from zero (one variable t test, p>0.05).
There were some large differences in enrichment (APE, atom % excess) of urea and 
ammonia, with ammonia often (although not always) the greater. Ammonia 
enrichment was greater than urea for cat 4 (MP diet) that only produced a 24h urine 
sample. Samples with large differences were not related to diet, and although 
sometimes occurring in early voided samples (i.e. <24 h after the dose) this was not 
always the case. The urea extractions were repeated and subjected to hypobromite 
oxidation, and replicates for both ammonia and urea were good indicating that the 
problem was not analytical. This resulted in a difference (p<0.05) in the N flux 
calculated using the two end products, with mean (n=1 0 , both diets) ammonia flux
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421.7 ± 75.7 and urea flux 531.9 ± 93.4 mmolN/24h.
There was a significant effect of diet on protein turnover, with the MP diet resulting in 
lower flux (p<0.005), protein synthesis (p<0.05) and protein breakdown (p<0.05) than 
the HP diet (Table 4.4, page 116). For individual data see Appendix 9.
When the data for both diets were combined (n=10), the absolute rate of protein 
synthesis was 23.4 ± 3.7g protein/d or 4.9 ± 0.7g protein /kgBW/d, or if  related to 
metabolic tissue mass 7.3 ± 1.1 g protein/kgBW0 75/d. Linear regression of log BW 
against log protein synthesis (g/d) (both diets combined) produced a slope of 0.26 
(linear regression, R2=45.5%, intercept =7.63, slope=0.26, p<0.05), although the 
exponent was increased to 0.45 for MP diet alone (linear regression, R2=86.2%, 
intercept =7.2, slope=0.45, p<0.05) and 0.38 for HP diet alone (linear regression, 
R2=41.6%, intercept =7.1, slope=0.38, p>0.05). The different slopes obtained in this 
analysis may be a result of variability in the small sample size.
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Diet chicken
breast
g/kg
lard
g/kg
glucose
g/kg
1.5%
carob in 
water 
g/kg
protein
MJ%
Carbohydrate 
MJ %
fat 
MJ %
predicted
metabolisable
energy
MJ/kg1
MP 164.30 79.80 29.60 726.40 20.00 10.20 69.80 3.76
HP 576.80 17.10 26.00 380.20 70.00 10.00 20.00 3.76
Table 4.1 : Diet composition and formulation; moderate protein level (MP) and
high protein level (HP).
1 PME (predicted metabolisable energy) calculated from standard Atwater factors applied to proximate 
analysis of ingredients.
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cat
1 2 3 4 5 mean SE
Mean intake during prefeed 93.1 66.7 195.1 111.1 102.9 113.8 21.7
MP (n=14)
Mean intake during test 36.8 74.3 191.2 134.2 75.9 102.5 27.1
(n=2)
test/prefeed % 39.6 111.4 98.0 120.7 73.8 88.7 14.6
Mean intake during prefeed 88.8 161.7 196.4 129.1 236.3 162.5 25.6
HP (n=14)
intake during test (n=2) 115.2 135.3 182.8 113.6 195.8 148.6 17.2
test/prefeed % 129.8 83.7 93.1 88.0 82.9 95.5 8.8
MP/HP% during test phase 32.0 54.9 104.6 118.1 38.8 69.7 17.6
Table 4.2: Energy intake of cats fed diets moderate in protein (MP) or high in
protein (HP) during 14d prefeed and 2d test phases. Intake expressed as kJ/kgBW/d.
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MP HP
mean
(n=5)
SE mean
(n=5)
SE P*
Urea pool change mmolN48h -3.1 2.2 -0.7 1.6 <0.05
Dose administered mmol 15N 0.29 0.03 0.32 0.04 NS
Urinary excretion of dose % 26.7 3.1 41.2 4.6 <0.05
Faecal N excretion mmolN48h 19.6 2.6 56.2 2.5 <0.0001
Faeces enrichment 15N APE 0.0070 0.0023 0.0031 0.0014 NS
faecal N originating from 44.2 23.0 15.6 6.8 NS
body/total faecal N% 
Faecal excretion of dose % 0.4 0.1 0.5 0.2 NS
Table 4.3 : Details (per 48h) of changes in urea pool, dose and excretion of isotope
in cats fed moderate protein diet (MP) and higher protein diet (HP).
♦Difference between diets analysed by paired t test.
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MP 
mean (n=5) SE
HP 
mean (n=5) SE P*
Q ammonia 53.3 5.6 123.4 10.5 <0.005
Qurea 58.0 6.1 168.4 9.4 <0.005
Q average 55.6 5.5 145.9 8.4 <0.005
I 11.3 3.0 73.7 8.8 <0.005
E 17.4 2.0 70.5 10.4 <0.005
Z 38.3 4.5 75.4 10.4 <0.05
B 44.3 3.1 72.2 7.8 <0.05
N balance (mmolN/d) -34.2 2.9 -4.8 21.1 NS
BW change (g) 2.7 14.0 -0.1 23.2 NS
protein synthesised g/kgBW/d 3.3 0.4 6.6 0.9 <0.05
protein synthesised g/kgBW° 75/d 4.9 0.7 9.7 1.3 <0.05
protein breakdown g/kgBW/d 3.9 0.3 6.3 0.7 <0.05
protein breakdown g/kgBW0 75/d 5.7 0.5 9.3 0.9 <0.05
Table 4.4: Protein turnover on moderate protein diet (MP) and higher protein diet
(HP). N flux is provided for each end product (Q ammonia, Q urea) as well as the 
arithmetic mean (Q average). N intake (I) and urinary N excretion (E) are provided 
along with synthesis (Z) and breakdown (B), all expressed as mmolN/kgBW/d. 
Synthesis and breakdown also converted to protein and expressed as BW0'75. These 
data are reported for 24h, derived by dividing the 48h figures by 2. For individual data 
see Appendix 9.
♦Difference between diets analysed by paired t test.
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Species BW
kg
Protein synthesis
g/day g/kgBW/day g/kgBW0'75/day
Rat1 0.35 7.7 22.0 16.9
Rabbit1 3.6 33 9.2 12.6
Sheep1 63 351 5.6 15.7
Human (a)3 67 310 4.6 12.6
Human (b)3 67 296 4.4 12.6
Cow1 575 1740 3.0 14.8
Euro2 18.1 94.8 5.2 10.8
Wallaroo2 20.5 56.8 2.8 5.9
Goat2 33.1 121.4 3.7 8.8
Cat (MP)4 4.6 15.8 3.3 4.9
Cat (HP)4 4.8 31.4 6.6 9.7
Table 4.5: Comparison of rate of whole body protein synthesis in different adult
animals at maintenance.
1 Rat, rabbit, sheep and cow data provided using precursor method (Reeds and Harris, 1981).
2 Goat, euro (kangaroo) and wallaroo data provided by endproduct method (Freudenberger and Nolan, 
1993).
3 Human data (a) using end product method in the fed state and (b) using precursor method, both from 
Pacy et al (Pacy et al., 1994).
4 Cat data provided from current study, fed moderate protein (MP) or high protein (HP).
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4.6.5 Conclusions
This is the first reported study of protein turnover for any carnivorous species. Whole 
body protein turnover was measured in five adult cats at maintenance, fed either 
moderate protein diet (MP) or higher protein diet (HP). Flux, protein synthesis and 
protein breakdown were all significantly lower on the moderate protein diet. The 
measured rates of protein turnover synthesis and breakdown were corrected for 
bodyweight (Table 4.4, page 116) but not for variation in fatness and consequent lean 
body mass. However, it is unlikely that differences in body composition could 
confound the results since marked changes are unlikely to have occurred during the 
test periods.
The whole body protein turnover of adults at maintenance has been little studied in 
non-human species. From the data available (Table 4.5, page 117), the whole-body 
rate of protein synthesis for most species ranges from 12.6 to 16g/kgBW0'75 (Reeds 
and Harris, 1981; Pacy et al., 1994). Some species may be lower than this, at 5.9-10.8 
g/kgBW0'75 (Freudenberger and Nolan, 1993) although on a straightforward 
bodyweight basis most species synthesise a very similar amount of protein per day (3- 
6g/kgBW) (Table 4.5). Corrected for metabolic bodyweight (BW0,75), and assuming 
the rate on the high protein diet to reflect the “normal” rate for this species, the cat 
appears at the lower end of the range for omnivores and herbivores (Table 4.5, page 
117).
Across-species comparison of whole body protein turnover demands the conversion of 
data to account for different body sizes. Although the exponent 0.75 has been used to 
convert bodyweight to metabolic tissue mass, this exponent was originally derived 
from energy expenditure relationships (Kleiber, 1932; Kleiber, 1947) and so may not 
always be applicable to other measurements. Although intuitively protein synthesis 
would be expected to be related to metabolic tissue mass this may not be the case, and 
the current cat data was found to have an exponent of 0.26. However, the correlation 
was not strong, probably due in part to the small sample size.
A low overall rate of protein turnover in the cat may be related to physiological factors 
unique to this species. Carnivores have a shorter gastrointestinal tract than omnivores 
and herbivores (Case et al., 1995), and since the gut may account for around 25% of 
the total body protein synthesis (Waterlow et al., 1978a), this may reduce this cost to 
the cat and would correlate with a lower overall protein turnover. This low N flux 
rate may be a species-specific difference although confounding factors introduced by 
the experimental design may contribute. These include the dose administration and 
period of excreta collection.
The dose was provided as a single rapid injection rather than the slow (e.g. Ih) 
injection used previously (Fern et al., 1985). Although a rapid dose would avoid 
stressing the cats, it would potentially flood the free amino acid pool with a large dose 
of glycine, and stimulate immediate removal by oxidation. Rapid disposal of isotope 
by oxidation would lead to an underestimate of flux (by increasing ex). The dose rate 
administered in the current study was selected to be similar to those used in human 
studies, relative to bodyweight (Fern et al., 1981; Grove and Jackson, 1995).
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Furthermore, supplying a larger oral dose did not influence flux in the human (Fern et 
ah, 1981), nor did the route of administration (Fern et al., 1985).
Flux would also be underestimated if there were significant recycling of isotope from 
protein breakdown into the free amino acid pool. Within the model, recycling of 
isotope into the free amino acid pool is assumed to be negligible. However, the longer 
the period of excreta collection, the more likely it is that isotope will be recycled. The 
current data are based on a 48h collection, and extending the collection period to 48h 
with human subjects only decreased flux by 20% compared to that measured at 24h 
(Grove and Jackson, 1995). A similar effect was observed in a single dose study on a 
kangaroo, wallaroo and a goat (Freudenberger and Nolan, 1993) when flux was 
decreased by 20% by increasing the collection period from 21h-34h. Isotope recycling 
would therefore be unlikely to account for the very low flux measured in the current 
study.
A major assumption of the model is that there is a single homogenous pool of 
metabolic N (the free amino acid pool) into which the isotope is instantly distributed, 
and from which N is taken for protein synthesis and oxidation (excretion). If this 
were true the turnover (flux) derived from either end product should be the same. In 
the current study the flux rate obtained using urea was higher than that obtained using 
ammonia, supporting previous work in humans (Fern et al., 1981; Fern et al., 1985; 
Grove and Jackson, 1995). This may be due to the different sites of end product 
synthesis (different free amino acid pools), since the precursors for urea (aspartate, 
glutamate and ammonia) originate in the liver whilst urinary ammonia is derived from 
glutamine in muscle (Waterlow, 1984).
Cat 4 failed to urinate between 24 and 48h after the dose when fed the MP diet. This 
sample may be expected to have a high ammonia enrichment compared to urea, and 
hence urea flux > ammonia flux. This was the case, but was also seen in other cats 
that provided complete urine collections. Individual differences in patterns of 
urination behaviour are likely to contribute to the variability of all results since urine 
was collected for a standard 48h after each dose. Although the majority of cats 
produced a sample between 24 and 48h, this was not always at the end of the 4811- 
collection period. This means that the end-point of the collection varied between 24- 
48h, introducing unavoidable variability into the kinetics data.
The effect of nutrition on protein turnover has been studied at length in the growing 
rat and in the adult human, but rarely in other adult animals at maintenance. In the 
growing rat there are marked reductions in protein turnover in skeletal muscle with 
protein deficiency (Garlick et al., 1975; Millward et al., 1975). In adult humans there 
is less evidence for marked changes in turnover, although the response of protein 
synthesis and breakdown is sensitive to the dietary protein level (Waterlow, 1999). 
These effects may be difficult to detect, however, probably due to variability 
introduced by study design, subject, diet or methodology, resulting in a variety of 
outcomes that are often non-significant and challenging to interpret (Hoffer et al., 
1985; Goulet et al., 1993; El Khouiy et al., 1995; Cayol et al., 1997; Forslund et al., 
1998).
Responses to changes in the prevailing diet have been little studied using the end
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product technique, despite its applicability. A rigorous study using a Ih infusion of 
[15N] glycine in normal adult humans failed to find a significant effect of prevailing 
diet on protein synthesis or breakdown (Pacy et al., 1994). Thus although mean values 
did increase by 60 % from a very low to a generous protein intake level, the variability 
of the data was such that the change was not significant. In contrast, studies using 
single oral doses of [15N] glycine found reduced synthesis and breakdown in elderly 
and young human subjects adapted to lower protein diets (Pannemans et al., 1995a; 
Pannemans et al., 1995b; Pannemans et al., 1997). The current results support these 
latter findings (Pannemans et al., 1995a; Pannemans et al., 1995b; Pannemans et al.,
1997) and small animal studies, with decreased protein synthesis and breakdown in 
cats adapted to a lower protein diet. Cats therefore demonstrated metabolic flexibility 
and an ability to adapt protein metabolism to dietary protein, supporting previous 
work (Kettlehut et al., 1980; Silva and Mercer, 1985; Silva and Mercer, 1991; Russell 
et al., 2000; Russell et al., 2002). It would seem reasonable to conclude that 
adaptation to a lower protein diet involves a co-ordinated decrease in protein 
breakdown to match the decreased protein synthesis to facilitate the maintenance of N 
balance. This is in contrast to results obtained following acute changes to dietary 
protein intake when protein synthesis and breakdown may change in opposite 
directions (Waterlow, 1999).
The composition of the diets used in the current study (20% and 70% protein energy) 
were outside the range normally encountered by domestic cats, this being 
approximately 40% dietary energy. These diets were selected at the extremes to 
maximise the power of the study and so may not reflect protein turnover on a more 
usual protein intake. Both diets provided adequate protein, the minimum protein 
requirement of the adult domestic cat being 10% dietary energy (Burger et al., 1984). 
However, even when adequate, lower protein diets can be unpalatable to cats (Zentek 
et al., 1998) when inappetance can result in bodyweight loss. Bodyweight loss 
occurred during the MP diet phase and was more pronounced in three of the five cats 
(cat 1,2 and 5, Table 4.2). However, the kinetic response of these cats was the same 
as the rest of the group.
Bodyweight changes also occurred during the pre-feed and these may have influenced 
responses during the study periods. During the pre-feed for the MP diet, all 5 cats lost 
bodyweight, although 3 of the 5 cats had stabilised by the time they were dosed. A 
catabolic state produced by negative energy balance and negative nitrogen balance 
would be expected to result in decreased protein synthesis. During the pre-feed for 
the HP diet, the majority (4/5) of cats gained bodyweight and continued in positive 
energy balance, maintaining N balance during the 48h-study period. These cats were 
in an anabolic state and would be expected to have an increased rate o f protein 
synthesis. Bodyweight changes during the pre-feed and test phases therefore 
contribute to the effect of diet on protein synthesis and breakdown in the current 
study.
In conclusion the current study shows that while the cat appears to have a rate of 
protein turnover at the lower end of the range for omnivores and herbivores, like other 
small animal species it does exhibit metabolic flexibility in terms of adaptation of its 
protein turnover rate to variation in protein intake. This finding together with the
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previous demonstration of changes in ureagenesis (Russell et al., 2000) and protein 
oxidation (Russell et al., 2002) in response to protein supply makes it unlikely that the 
apparently high protein requirement of this species is a simple reflection of an 
inability to adapt protein and amino acid metabolism to variation in protein intake.
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Chapter 5 Discussion
5.1 Discussion
The cat has a high requirement for dietary protein, a finding that was attributed to the 
hepatic catabolic, gluconeogenic and ureagenic enzymes of this species being set to a 
permanently high level (Rogers et ah, 1977). Such metabolic inflexibility would 
render the cat unable to adapt to dietary protein. The current thesis does not support 
this hypothesis, finding that the cat adapts to dietary protein in terms of ureagenesis 
(chapter 3), and protein turnover (chapter 4) supporting work that protein oxidation 
also adapts to dietary protein (Russell et al., 2002).
The close correlation between N intake and urea production in the cat (chapter 3) is 
contrary to the hypothesis proposed recently that urea production is constant over 
wide-ranging intakes of protein in the human (Jackson, 1998; Jackson, 1999). This is 
proposed to be the case above the minimum and below the maximum tolerable intake 
levels of protein. This theory also implies that if urea production is constant then 
protein oxidation is also likely to be constant, since both pathways utilise the same 
amino acid catabolic enzymes. That protein oxidation in the cat is closely correlated 
to protein intake (Russell et al., 2002) also argues against the Jackson hypothesis and 
supports a similar correlation for leucine oxidation in the human (Young et al., 2000). 
The diets used in the current studies were all above the minimum required for 
maintenance of N balance (chapter 2), their adequacy supported by maintenance of 
bodyweight, and so suggest that the cat adapts ureagenesis and oxidation within the 
range of normal protein intakes. It would seem that humans only show differences in 
ureagenesis when N intake is below the minimum or above the maximum tolerated 
level (Jackson, 1998; Jackson, 1999), although other human data does not support 
these findings (Forslund et al., 1998; Badaloo et al., 1999; Young et al., 2000). 
Whether this is a true species-specific difference, or an artefact, requires further 
investigation although the cat theory benefits from the use of a different (non-isotopic) 
methodology (Russell et al., 2002) to support the feline ureagenesis data (chapter 3).
The finding that feline protein synthesis and protein breakdown respond in a co­
ordinated way to a change in the prevailing dietary protein intake (chapter 4) is in 
agreement with some human studies (Pannemans et al., 1995a; Pannemans et al., 
1995b; Pannemans et al., 1997) but contrasts with others (Waterlow, 1999). Even 
though an acute increase in dietary protein (i.e. feeding a fasted subject) results in an 
increase in protein synthesis and decrease in protein breakdown (Waterlow, 1999) it 
would appear that adaptation to a diet may be handled differently. It would seem 
reasonable that a long-term change in dietary protein level would result in a co­
ordinated change in both protein synthesis and protein breakdown to facilitate the 
maintenance of N balance.
However, the use of diets in excess of the minimum protein requirement (10% PER 
(Burger et al., 1984)) during these studies confounds the results in relation to the 
question of why cats should need so much dietary protein. This is because a theory of 
metabolic inflexibility (for the high protein requirement) implies that there is a lower 
limit of the ability of the cat to adapt to dietary protein. Whilst the original work
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found that the hepatic enzymes were fixed at a very high level, this was using diets of 
13%PER versus 53%PER, both above the minimum requirement (Rogers et al.,
1977). Although this supports a theory of metabolic inflexibility, to adequately 
challenge this requires assessing the adaptability of the cat at much lower protein 
intakes (i.e. around the 4%PER level required by other species). If the cat cannot 
downregulate its ureagenic and catabolic enzymes below the 10% PER apparent 
minimum requirement this might still represent the reason for the high protein 
requirement for this species. This would be a very difficult hypothesis to test due to 
the poor acceptance (long term maintenance of intake and bodyweight) of such low 
protein diets to cats.
5.2 The cats ’ high protein requirement -  alternative theories
If the high protein requirement of the cat cannot be attributed to an inability to adapt 
to diet, what could it be? Due to the widespread acceptance of the original study 
(Rogers et al., 1977) few researchers have given thought to alternative theories. Some 
possible theories include; gluconeogenesis, inefficiency of utilisation, metabolic 
programming and small intestinal flora, and these are discussed below.
5.2.1 Gluconeogenesis
Carnivores generally eat very little carbohydrate, their diet being composed mainly of 
animal protein and animal fat, with small amounts of glycogen from the ingestion of 
liver and muscle. They must therefore depend on gluconeogenesis (conversion of 
amino acids to glucose) to provide the glucose required by tissues such as brain and 
erythrocytes. In omnivores, gluconeogenesis is a mechanism traditionally considered 
to operate during starvation. Following depletion of glycogen stores, muscle protein 
is broken down to amino acids, these are then converted to pyruvate prior to 
conversion of a large proportion to alanine that is then transported to the liver.
Alanine in the liver is then reconverted to pyruvate and enters the gluconeogenic 
pathway for conversion into glucose. On refeeding, the liver does not switch straight 
back to glycolysis, but remains in gluconeogenic mode long enough to replenish 
depleted glycogen stores. In this early fed state, dietary amino acids provide the 
gluconeogenic fuel, being converted to 2-phosphoglycerate and hence to glucose. 
However, this traditional understanding has been challenged, and from a detailed 
analysis of the biochemistry it is likely that the carbon skeleton of most amino acids is 
converted into glucose prior to oxidation, implying that even in the fed state 
gluconeogenesis is active (Jungas et al., 1992).
A high rate of gluconeogenesis may theoretically increase the protein requirement of 
the animal, and this has been cited as a cause of the high protein requirement of the 
cat (Silva and Mercer, 1985). The effect of gluconeogenesis on protein requirements 
may be striking, with the human protein requirement of Eskimos that habitually 
consume very low carbohydrate, meat based diets reported to be over twice that on a 
standard Western diet, as measured by nitrogen balance (Hegsted, 1989).
Early studies suggested that the gluconeogenic enzymes in the cat were fixed at a 
permanently high level (Gordon and Freedland, 1981; Silva and Mercer, 1985). The
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activity of feline gluconeogenic enzymes was studied in vitro in isolated hepatocytes, 
and the rate of glucose production in hepatocytes taken from 72 hour fasted cats found 
to be similar to that of rats (Gordon and Freedland, 1981). It was subsequently 
demonstrated that the rate of gluconeogenesis from pyruvate, alanine and threonine 
was similar in hepatocytes taken from cats previously fed low or high protein diets 
(Silva and Mercer, 1985). An exception in this experiment was glutamine, in that 
glucose was synthesised from it much faster from high protein hepatocytes. This may 
suggest that kidney and/or muscle might be important sites of gluconeogenesis in the 
cat, as this is where glutamine is targeted. Alternatively, glutamine may be the 
primary gluconeogenic precursor in cat liver, in contrast to the situation in other 
species where alanine plays this role. However, the cats had all been fasted for 16 
hours prior to removal of hepatocytes (Silva and Mercer, 1985). It is possible that 
during this time the minimal glycogen stores of all cats would have been depleted 
resulting in maximal gluconeogenesis regardless of prevailing diet (i.e the response to 
starvation (Gordon and Freedland, 1981)).
Later work demonstrated that gluconeogenesis was not fixed at a permanently high 
rate in the cat, when the addition of carbohydrate to the diet of a cat induced the 
metabolic pattern of an omnivore. Cats prefed a high carbohydrate diet (700g/kg from 
macaroni) compared to a low carbohydrate diet (60g/kg) had higher levels of blood 
glucose and liver glycogen. Gluconeogenesis (phosphoenol-pyruvate carboxykinase 
(PEPCK) activity in vitro) was low in the fed state and increased during fasting 
(Kettlehut et al., 1980). The blood glucose levels of high carbohydrate-fed cats 
decreased upon fasting whereas glycaemia was very stable, and gluconeogenesis was 
permanently high (fasted and fed states) in the low-carbohydrate group. This 
indicated that gluconeogenesis was not the cause of the high protein requirement of 
this species. Furthermore, examination of the nitrogen balance studies of the adult cat 
reveals they were all carried out using diets formulated to contain generous amounts 
of carbohydrate (Allison et al., 1956; Greaves and Scott, 1960; Burger et al., 1984; 
Zentek et al., 1998). It is therefore unlikely that gluconeogenesis is the cause of the 
high dietary protein requirement of the cat.
5.2.2 Inefficiency o f  utilisation
If protein requirement is defined as metabolic demand / efficiency of utilisation then 
either of these variables could underlie the apparently high protein requirement of the 
cat. The metabolic demand for amino acids in the normal adult is defined by the 
maintenance requirement of tissue proteins and the requirements for amino acid 
derived metabolites. The efficiency of utilisation can be described as the extent to 
which dietary/tissue protein satisfies the metabolic demand, and is influenced by 
digestibility as well as post absorptive metabolism. Therefore, 100% efficiency of 
utilisation would indicate that amino acids entering the free amino acid pool were 
present in exactly the correct amount and proportion to meet requirements and there 
was no wastage (as indicated by oxidation or N excretion). In reality this does not 
happen and there will therefore be inevitable wastage of some amino acids. Some 
dietary proteins have amino acid compositions closer to that required by the metabolic 
demand and so are utilised with more efficiency (i.e. there is less waste from “high” 
quality proteins). The efficiency of utilisation can be estimated using N balance,
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where the relationship between N balance achieved for different doses of the protein 
provides a slope, 100% utilisation represented by a slope of 1.0. This is rarely 
achieved, although at sub-maintenance intakes of dietary N all protein is used with a 
higher efficiency.
Part of the metabolic demand of the cat has been studied in the preceding chapters and 
found to be similar to other species, although pathways consuming amino acids for 
irreversible conversion into other nitrogenous metabolites have not been 
independently assessed. Such conversion into metabolites that are often simply 
excreted may constitute a drain on the body N pool. Irreversible conversion of amino 
acids into other metabolites includes the formation of creatine, choline and 
polyamines. Creatine is formed from glycine, arginine and S-adenyl methionine, and 
is subsequently phosphorylated to provide the energy source creatine phosphate, or 
dehydrated to form creatinine. Choline is synthesised from serine, and is an important 
component of the neurotransmitter acetylcholine and the phopsholipid, 
phosphatidylcholine. Polyamines are formed from decarboxylated amino acids and 
are often very short lived. They include the catecholamines (neurotransmitters) and 
putrescine and spermine (that bind nucleic acids and have a role in cell division). In 
addition, aspartate is a precursor for pyrimidine synthesis, glutamate is a precursor for 
the neurotransmitter G ABA (y-aminobutyric acid), histidine is a precursor of 
histamine, lysine is a precursor of carnitine (used in fatty acid transport) and tyrosine 
is a precursor of melanin and thyroxine. This list is not exhaustive, however there is 
not an obvious candidate for a high metabolic demand for protein in the cat.
However, amino acids that deserve special mention in the cat include ornithine, 
citruline and taurine. These are not incorporated into protein, but since they are found 
associated with dietary protein (in meat), a high requirement could result in a high 
metabolic demand for protein.
As was seen in chapter 3 the cat cannot synthesise sufficient omithine/citrulline for 
urea cycle activity and must therefore rely on dietary arginine to provide these 
intermediates. The arginine requirement of the adult cat is 0.8g/1.7MJ (NRG, 1986), 
however, this is likely to be linked to the ammonia load and may therefore be 
influenced by dietary protein intake. The arginine content of common prey items is 
not known but is unlikley to be limiting in meat.
Taurine is also a dietaiy essential, because unlike other species the cat cannot 
synthesise sufficient for its needs. The cat relies solely on taurine for bile acid 
conjugation (it cannot use glycine like other species), and taurine is also required for 
retinal function, reproduction and growth. The taurine requirement of the adult cat is 
only 10.2mg/kgBW (Burger and Barnett, 1982; NRC, 1986). The taurine content of 
common prey items is unknown, although it is unlikley to be limiting in meat.
If the metabolic demand is similar to other species, the apparently high protein 
requirement of the cat may be due to a lower efficiency of utilisation of amino acids. 
This inefficiency of utilisation in cats is unlikely to be due to poor digestibility, as 
most of the N balance studies reported in chapter 2 utilised semi-purified diets, known 
to be highly digestible (the chicken diets used in the current thesis were >90%
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digestible for protein and fat). This means that the inefficiency of utilisation in cats is 
likely to be at a metabolic level, i.e. the amino acid profile of dietary and/or tissue 
protein does not match the profile to meet the metabolic demand efficiently (i.e. the 
amino acid profile is unbalanced). It is unlikely that there is a requirement for 
additional EAA, as the requirements of the kitten and puppy have been found to be 
similar to the rat (Rogers and Morris, 1979).
The importance of the profile of non-EAA has traditionally been virtually ignored. 
However, there have been suggestions that in some cases non-EAA can be considered 
conditionally essential. Thus despite considerable capacity for endogenous synthesis, 
a low dietary intake of glycine is unlikely to meet the metabolic demand of adult 
humans or rats (Jackson, 1991). If the cat had an increased metabolic demand for one 
or more non-EAA, a large proportion of dietary amino acids would be wasted. This 
theoiy was supported by original studies to define the amino acid requirements of 
kittens (Rogers and Morris, 1979). When semi-purified diets were manipulated to 
remove all non-EAA (except alanine) growth of the kittens was compromised. 
However, it was subsequently demonstrated that the EAA pattern in these diets was 
imbalanced, and the weight loss due to individual amino acid toxicity or interaction. 
Kittens were subsequently shown to grow near-maximally when EAA provided 100% 
of N, so long as methionine and arginine were limited to prevent toxicity (Rogers et 
al., 1998). Although in the kitten it seems that no non-EAA are required for near- 
maximal growth, the optimal non-EAA profile for maintenance of the adult cat 
deserves further attention. This would be relatively easy to study by measuring N 
balance of adult cats fed a standard cat food supplemented with combinations of non- 
EAA. A lower protein intake would be sufficient for N balance when fed the optimal 
amino acid profile compared to the control diet.
Efficiency of utilisation may also be influenced by the efficiency with which protein 
breakdown is regulated by insulin and amino acids, as demonstrated in humans 
(Fereday et al., 1998). This study showed that the subjects with more efficient 
utilisation of protein demonstrated better post-prandial inhibition of protein 
breakdown (and hence oxidation). Inhibiting breakdown in the fed state is an 
important mechanism in promoting anabolism, and is achieved by the inhibition of 
proteolysis by insulin in the presence of dietary amino acids. The sensitivity of cat 
proteolysis to insulin and amino acids is unknown, and poor sensitivity would result in 
a poor efficiency of protein utilisation.
Some work has been done to understand the insulin response in cats. Insulin is 
released from the pancreatic p cells in response to carbohydrate ingestion, a process 
that facilitates uptake and storage of the glucose to maintain stable blood glucose 
levels. In a recent study utilising high carbohydrate diets (500g/kg), glucose 
tolerance1, insulin tolerance2 and insulin sensitivity3 tests in cats indicated values
1 Hpw effectively a single intravenous dose of glucose was removed from the blood.
2 The response of blood glucose levels to an intravenous insulin dose
3 Insulin sensitivity (or resistance) determines the dependence of glucose disappearance on plasma 
insulin concentration, and was measured by a mathematical model following injections of both glucose 
and insulin.
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similar to humans although there was greater inter-individual variability in the cats 
(Appleton et ah, 2001). However, the glycaemic response is very prolonged in cats 
fed high carbohydrate diets (300g/kg) compared to humans and dogs (Bouchard and 
Sunvold, 2000). Insulin is also released in response to amino acid ingestion, again 
promoting uptake and storage, and the insulin response of the carnivore to a minimal 
carbohydrate diet is currently unknown. If this were reduced compared to omnivores, 
a poor release of insulin in response to amino acid ingestion may result in poor post­
prandial inhibition of breakdown and hence greater inefficiency of utilisation of 
protein. This would require investigation using a similar protocol to Fereday and 
workers (Fereday et al., 1998).
5.23 Metabolic programming
Programming describes this ability of the phenotype to be moulded by the 
environment, and when this happens in utero the effects may last a lifetime. Foetal 
development is plastic and subject to influence by the uterine milieu that is affected by 
many factors including hormones, energy and nutrition. This means that what the 
mother eats can have a lifelong impact on the metabolic capacity of the offspring. 
Gross manifestations of such metabolic programming occur if energy or nutrients are 
limiting, when low birth-weight is associated with small organ size (including liver) 
and consequently lower overall enzyme activities. Low birth-weight is also associated 
with greater risk of cardiovascular disease, diabetes and hypertension later in life in 
humans. In addition, inadequate maternal dietary protein intake results in abnormal 
endocrine pancreatic development of rat pups, resulting in glucose intolerance in 
adulthood (Dahri et al., 1995). Inadequate maternal dietary protein also caused long 
term hepatic enzyme changes. After a low protein (8%) maternal diet fed during 
gestation, subsequent offspring had significantly lower hepatic glucokinase activity 
and significantly higher phosphoenol-pyruvate carboxykinase (PEPCK) activity than 
those from control rats (fed 20% protein diets) (Desai et al., 1995). This effect 
persisted at 11 months despite all pups being transferred to a normal diet at 21 days. 
Glucokinase is a key enzyme in the glycolysis pathway (production of ATP from 
carbohydrate), whilst PEPCK is a key enzyme in the gluconeogenesis pathway. This 
metabolic programming therefore shifts the emphasis from glucose utilisation to 
glucose production and may predispose to insulin resistance.
Such responses to nutrient deficiency may be expected, but manipulation of a 
nutritionally complete maternal diet can also produce changes in the offspring. The 
level of maternal dietary protein is known to influence the macronutrient preference of 
rat pups so that they select a diet with a similar protein level to that fed the dam during 
gestation and lactation (Leprohon and Anderson, 1980). The mechanism was not 
identified, but altered foetal serotonin metabolism was identified as a possibility 
(Leprohon and Anderson, 1980). In addition, even micronutrient levels may influence 
the metabolic development of the foetus. The glycine demand of the human and rat 
foetus is met mostly by a placental pathway that utilises folate (Bennett and Jackson,
1998). Therefore, if maternal folate status is marginal it is likely that glycine 
production will be inadequate, with implications for many aspects of amino acid 
metabolism (Jackson, 2000).
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That maternal protein intake can have such wide-ranging and lifelong effects on the 
metabolic capacity of the offspring may have important implications for the cat. Cats 
commonly consume diets around 40%PER, a level that is 4 times higher than their 
minimum protein requirement (Burger et al., 1984). The kittens in utero are therefore 
exposed to a maternal diet that is very high in protein. It may be that the kittens are 
programmed to “expect” a diet containing 40%PER, with currently unknown 
implications for food selection and/or metabolism. If this were so the high protein 
requirement of the cat may be due to such programming in utero, although it is not 
clear what the target organ/s might be. This hypothesis would be difficult to test due 
to the poor acceptance of low protein diets to the cat. It would necessitate developing 
a low protein diet that was very palatable and sufficient to support gestation and 
lactation in a queen that was herself programmed to expect 40%PER as a kitten.
5.2.4 Small intestinal flora
Traditionally, the monogastric microflora was thought to be confined to the large 
intestine. However, the healthy cat has been reported to support a large small- 
intestinal flora (Johnston et al., 1993; Johnston, 1999), a finding that may have 
implications for the cat’s dietaiy protein requirement. This is because microbes could 
intercept amino acids and small peptides resulting from digestion, before absorption, 
rendering them unavailable to the cat.
Small-intestinal microflora populations have also been recorded in the human (Simon 
and Gorbach, 1984) and pig (Ogata and Morishita, 1969), species that have a lower 
requirement for dietary protein. However, the small-intestinal microflora in the cat 
may be large in comparison to other species, with cats having total counts greater than 
105 colony forming units/ml (Johnston et al., 1993). This normal flora in the cat may 
be enough to indicate small intestinal bacterial overgrowth (SIBO) in humans where 
usual counts in the proximal small bowel are in the order 103-104 colony forming 
units/ml (Simon and Gorbach, 1984). Although there is some controversy over 
sampling techniques, since it is difficult to know what proportion of an endoscopic 
aspirate is duodenal and what derives from pancreatic and bile secretions, bacterial 
presence in the small-intestine has since been confirmed by surgical collection 
(Johnston et al., 1999). The impact of the microflora on host nutrition was suggested 
when 4 weeks antibiotic treatment resulted in increased serum albumin and cobalamin 
(vitamin Bn) levels in cats (Johnston et al., 2000). It is therefore possible that the 
small-intestinal microflora of the cat are a contributory factor to this species’ high 
protein requirement. This would be a difficult theory to test, however. The simplest 
technique would be to treat cats with antibiotics to see if this would decrease their 
apparent protein requirements. However, achieving sterility is difficult, and such 
treatment would also remove the large bowel flora and hence potentially confound 
results.
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5.2.5 Does the cat need more protein than other species?
The discussion above includes much food for thought and ideas for future research. 
However, before any of this can be considered it is prudent to ask the question “Do 
cats (and other carnivores) need more protein than other species?” All things being 
equal, all mammals should have a similar overall protein requirement.
The adult cat requires 2-3 times the dietary protein of omnivores and herbivores for N 
balance. However, as detailed in chapter 2, the validity of the N balance technique 
has been the subject of much debate (Hegsted, 1976; Young, 1986). The continuing 
problems of a theoretically and logically impossible apparent retention of N casts 
considerable doubt over the whole technique. That carnivores often demonstrate 
much higher apparent retention of N than other species can be attributed to their 
higher protein intake, but is still nevertheless theoretically impossible. It is unlikely 
that the high apparent retention of N in carnivores is the cause (albeit indirect) of the 
high protein requirement measured by N balance. Assuming a similar obligatory N 
loss as other species, plotting high N balances against various N intakes would result 
in a lower intercept on the X-axis and hence lower protein requirement. However, the 
fact remains that there is an as-yet poorly understood problem with the N balance 
methodology, and carnivores exacerbate this problem. It is possible that carnivores do 
not have a higher protein requirement than other mammals, but simply have a worse 
problem as measured by N balance.
These arguments become academic, however, since cats are unwilling to eat diets of 
similar composition to omnivores and herbivores. The eternal question remains -  is 
this because they can’t, or because they won’t? In the wild, cats would struggle to 
find a low protein diet. As carnivores, their diet consists almost entirely of meat, 
mostly obtained from mice and other small mammals. These are usually eaten whole, 
although individual cats may leave unpalatable parts like the tail or gall-bladder. 
Although the PER may be decreased slightly with seasonal increases in subcutaneous 
fat, it is unlikely that a carnivore could find a diet as low as the 4%PER minimum of 
other species (Table 1.2, page 12).
To consider the underlying protein requirements of a species may best be done by an 
examination of the milk provided by the mother. Milk is assumed to provide the ideal 
food source for the infant, ensuring optimal growth and development, a role probably 
honed by evolution. The protein content of human breast milk therefore provides the 
basis of the global guidelines for protein intake in this age-group (FAO/WHO/UNU, 
1985), and is the model against which commercial milk-substitutes are formulated 
(Goedhart and Bindels, 1994). However, it should be noted that milk is for growth 
whilst N balance refers to the adult animal. Whilst there may be a simple relationship 
between the protein requirements of the young and adult of a given species, this does 
not always hold. From a comparison of Tables 5.1 (page 131) and 1.2 (page 12), 
whilst the lactating human produces milk low in protein (5%PER) and also has a low 
adult protein requirement as measured by N balance (4%PER), this relationship does 
not hold for the dog and cow. Whilst the adult protein requirement of these two 
species is 3-4%PER, they produce high protein milk (17-21%PER) like the cat.
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Cat1 Human2 Dog3 Cow4
(100% pasture fed)
Protein % 8.6 0.9 7.7 2.97
Non-protein N % 1.1 0.08 0.05 0.034
Carbohydrate % 4.2 7.0 3.81 4.94
Fat % 12.7 4.2 9.16 4.22
Energy MJ/1 7.0 2.9* 6.0 2.9*
Protein energy ratio* 21 5 21 17
Fat energy ratio* 69 55 57 55
Carbohydrate energy ratio* 10 40.3 22** 28
Table 5.1: Mature milk composition of several species
1 Day 42 of lactation (Adkins et al., 1997). Carbohydrate was analysed as lactose only.
2 Energy calculated from macronutrient profile and Atwater factors (Oftedal, 1984b).
3 Day 37 of lactation (Oftedal, 1984a). Carbohydrate was analysed as sugar.
4 Spring calving, early lactation. Carbohydrate was analysed as lactose only. Energy calculated from 
macronutrient profile and Atwater factors (Auldist et al., 1998).
* Calculated from proximate analysis using standard Atwater factors. Protein was used to calculate 
PER where available, not total N.
** Calculated by difference.
There is therefore no clear relationship between the protein content of milk and the 
subsequent protein requirement of the adult. There may be some effect of diet on 
milk composition so that had the dogs (Oftedal, 1984a) been fed a lower protein diet 
(the diets used were 38%PER), milk protein content may have been lower. However, 
the effect of maternal PER on milk PER may only be minor, (Emry, 1978), and milk 
composition may be governed more by other factors such as growth rate of the 
offspring (McCance and Widdowson, 1964).
5.3 Conclusion
From the preceding work it can be concluded that feline protein metabolism appears 
to respond to variation in protein supply in a similar way to omnivores and herbivores, 
Such metabolic flexibility does not support the original hypothesis (Rogers et al., 
1977) for the high protein requirement of this species and so the reason for the high 
dietaiy protein requirement of the cat remains unknown. Possible theories for this 
high dietary protein requirement include gluconeogenesis, inefficiency of utilisation, 
metabolic programming and small intestinal flora and warrant further investigation.
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Chapter 7 Appendices
Appendix 1 Details o f  crude N  balance study.
This study was undertaken as part of the nitrogen balance validation, and is described 
in section 2.5.
Method
Eleven adult cats ( 6  males, 5 females, mean age 58.2 ± SE 11.4 months) were housed 
individually in cages equipped with a fibre-glass litter tray, which had a hole in one 
comer allowing urine to drain into a bottle underneath. The cats were allocated to two 
treatment groups and offered one of two semi-purified diets (Table 1) to appetite. The 
cats were prefed the allocated diet for 14 days to allow adaptation, prior to a 7-day 
balance study. Food was offered twice daily, at 0900 and 1500 h, and any refused 
food from the previous meal removed. Food intake was assessed gravimetrically, 
being defined as the difference between food offered and food remaining. No account 
was taken of evaporation from food in this study.
Urine was collected under thymol, being separated from each 24-h collection, 
quantitated volumetrically, pooled and stored at -20°C. Faeces were collected 
between 0800 and 1600 h pooled, and stored at 4°C. The 7 day pooled sample was 
homogenised and stored at -20°C for 72 hours prior to freeze-drying for 72 hours 
(super modulyo 12k, Edwards High Vacuum Int., Crawley, UK). The sample was 
ground using a mortar and pestle, and the hair-free fraction submitted for analysis.
The nitrogen content of the diets, urine and faeces were determined by the Dumas 
procedure (Leco FP428 autoanalyser. The Leco Corporation, Saint Joseph, Michegan, 
USA) by Central Nutrition Laboratoiy, Pedigree Masterfoods, Melton Mowbray, UK. 
All weights were to 1g (Sartorius IB31, Sartorius Ltd, Epsom, UK).
moderate protein diet 
20% PER 
g per kg diet
high protein diet 
70% PER 
g per kg diet
chicken breast 164.3 576.8
lard 79.8 17.1
glucose 29.6 26
1.5% carob in water 726.4 380.2
Table 1 : Diet formulation. PME of 20% PER was 3.794MJ/kg and 70% PER
diet 3.512MJ/kg, calculated from application of modified Atwater factors to the
proximate analysis (Kendall et al., 1982b; Kendall et al., 1985). Chicken breast was 
canned; individual vitamins, individual minerals, methionine and taurine added to 
meet requirements (NRC, 1986).
Nitrogen balance was calculated over the 7-day collection period as N balance = total 
N intake - (total urine N + total faecal N) and no account was made for miscellaneous 
losses in this study.
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Results
The mean nitrogen balance was 0.95 ± SE 0.09 gN/day for cats fed the 20%PER diet 
and 3.71 ± SE 0.67 gN/day for cats fed the 70% PER diet. Mean bodyweight changes 
over the 3 weeks of study were -0.55 ± SE 1.26% for the 20% PER diet group and - 
3.34 ± SE 0.36% for the 70% diet group.
cat diet
PER
%
7 day 
intake 
Ng
7 day 
urine 
Ng
7 day 
faeces 
Ng
7 day N 
bal
N g
balance 
mean 
N g/day
1 20 9.73 1.26 0.63 7.84 1.12
2 20 9.03 3.92 0.42 4.69 0.67
3 20 14.35 6.02 0.84 7.49 1.07
4 20 17.85 6.58 2.87 8.4 1.2
5 20 13.02 6.23 1.33 5.46 0.79
6 20 17.01 9.03 2.17 5.81 0.83
7 70 35.98 10.15 0.91 24.92 3.57
8 70 46.34 3.64 0.42 42.28 6.04
9 70 36.82 14.42 2.1 20.3 2.9
10 70 25.2 9.8 0.98 14.42 2.06
11 70 40.74 10.85 1.96 27.93 3.99
Table 2: Individual pilot nitrogen balance study results.
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Appendix 2 Best practise to determine evaporative loss from food
This study was undertaken as part of the nitrogen balance validation, and is described 
in section 2.5.
Method
Twelve adult cats (7 males, 5 females, mean age 27.7 ± SE 3.03 months) were housed 
individually and assigned to two treatment groups offered one of two semi-purified 
diets (Table 1) to appetite. The first meal (200g) was offered at 0900 h and bowls 
removed at 1500 h ( 6  hours), and the second meal (300g) lasted from 1500 h until 
0900 h the next morning (18 hours).
moderate protein diet 
20% PER 
g per kg diet
high protein diet 
70% PER 
g per kg diet
chicken breast 164.3 576.8
lard 79.8 17.1
glucose 29.6 26
vitamins 20 10
minerals 20 10
1.5% carob in water 726.4 380.2
Table 1 : Vitamins and minerals were added to meet requirements (NRC, 1986),
provided by commercial mixes (Vitamin Diet Fortification mix (D3 replacing D2 to 
same activity) and AIN mineral mix 76, both ICN Pharmaceuticals, Basingstoke, UK) 
PME of the diets was 3.73MJ/kg (20% PER diet) and 3.69MJ/kg (70%PER diet), 
calculated from application of standard Atwater factors to the proximate analysis. All 
analyses by Central Nutrition Laboratory, Pedigree Masterfoods, Melton Mowbray, 
UK.
Food intake data was collected on a single day, and calculated in three ways:
Control. The food offered and refused was weighed to 4 decimal places (TS2KV 
balance, Chaus), the difference being the intake.
Intake minus evaporative control. The evaporative loss from similar bowls of each 
diet placed in an empty cage for the duration of each meal was determined and the 
weight loss of the appropriate control subtracted from the apparent intake of each cat. 
The percentage evaporative loss was calculated by ((Initial weight of control-final 
weight of control)/initial weight of control) *100. This percentage of offered food 
was then assumed to have evaporated from all bowls, and was used to correct for 
evaporative loss, subtracting this percentage of offered food in each case from the 
apparent intake.
DM intake. A sample of each diet was retained before each meal and freeze-dried, 
along with a sample of all refused food. All refused food was mixed thoroughly with 
a spoon to ensure a homogenous sample. Samples were weighed into and out of the 
freeze drier to allow estimation of dry matter content. Intake was calculated by 
analysis of the dry matter content of food offered and refused (%DM offered food* g
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food offered) - (%DM refused food*g food refused).
Results
From weight lost from the control bowls, evaporation during the morning meal ( 6  
hours) was 1.94% from the 20% PER diet and 1.96% from the 70% PER diet. 
Evaporation during the overnight meal (18 hours) was found to be 6.97% from the 
20% PER diet and 7.64% from the 70% PER diet. These values were used to correct 
each cats apparent food intake to provide “intake-evaporative control” values in Table 
2.
cat ID diet
%PER
DM
intake
g
am
DM
intake
g
pm
intake - 
evaporative 
control 
gam
intake - 
evaporative 
control 
g pm
Control
g
am
Control
g
pm
1 20 7.23 136.98 10.04 130.33 12.49 150.34
2 20 38.46 296.37 43.93 278.69 46.36 298.76
3 20 10.07 174.84 15.28 108.75 18.36 133.97
4 20 -13.14 48.32 8.25 44.93 10.67 64.86
5 20 -29.33 214.27 1.04 202.02 3.42 222.03
6 20 7.22 118.82 19.26 88.92 21.64 109.05
7 70 59 297.34 57.13 281.87 59.97 299.84
8 70 4.46 253.84 4.72 246.29 7.53 263.82
9 70 12.85 174.92 12.85 169.36 15.68 186.95
10 70 2.38 170.46 2.55 166.33 5.33 184.05
11 70 8.93 64.81 9.98 60.01 12.75 77.6
12 70 88.95 300.87 87.27 283.82 90.12 301.64
Table 2: Comparison of data collection for the assessment of food intake
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Appendix 3 Details o f study into evaporation from different quantities offood
This study was undertaken as part of the nitrogen balance validation, and is described 
in section 2.5.
Method
Two commercial diets were selected, having proximate analyses as shown in Table 1. 
Two meal lengths were assessed; a 6 h meal commencing 0900h and an 18h meal 
commencing 1500h. Various quantities (10, 50,100, 150,200, 250 or 300g) of the 
diets were weighed accurately into bowls and left in an empty cat lodge for the 
specified meal length, being re-weighed upon removal. Absolute weight loss was the 
difference in weight over the meal duration, whilst % evaporation was calculated as 
absolute evaporation / starting weight *1 0 0 .
Diet 1 Diet 2
Protein g/kg 96.5 77.6
Fatg/kg 42.0 68.9
Moisture g/kg 831.5 824.4
Ash g/kg 21.5 20.8
Carbohydrate g/kg 8.5 8.3
Table 1 : proximate analyses by Central Nutrition Laboratory, Pedigree
Masterfoods, Melton Mowbray, UK.
Results
The absolute and % evaporation for each diet, for each meal is shown in Table 2 (6 h 
meal) and Table 3 (18h meal).
Diet 1 Diet 2
Absolute Evaporation Absolute Evaporation
Evaporation (g)__________ (%)__________Evaporation (g) __________(%)
Sample Mean SE Mean SE Mean SE Mean SE
(g) n=6 n=6 n=6 n=6
10 3.9 0.3 35.9 2.4 3.2 0.11 29.4 1.6
50 8.9 1.3 17.6 2.5 7.9 1.1 15.7 2.1
100 11 1.8 10.9 1.8 12.5 0.7 12.4 0.6
150 12.2 1.3 8.1 0.9 14.6 0.8 9.7 0.6
200 14.9 1.6 7.4 0.8 12 1.6 6 0.8
250 13.9 1.2 5.5 0.5 12.1 1.3 4.8 0.5
300 14.6 1.8 4.9 0.6 12.8 1.4 4.2 0.5
Table 2: 6 h meal evaporation
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Diet 1
Absolute Evaporation
Evaporation (g)__________(%)
Diet 2
Absolute Evaporation
Evaporation (g)__________ (%)
Sample Mean SE Mean SE Mean SE Mean SE
(g) n=6 n=6 n=6 n=6
10 7.7 0.3 73.9 1.9 7.1 0.4 65.9 3.5
50 27.2 1 53.7 1.8 20.4 1.2 40.3 2.4
100 34.4 5 33.7 4.8 36.2 1.5 35.4 1.3
150 39.1 5.7 26.1 3.9 41.4 3.1 27.5 2.1
200 44 3.9 22 1.9 36.6 4.1 18.2 2.1
250 50.9 4.6 20.3 1.9 37.5 2.7 15 1.1
300 55.7 5 18.6 1.7 39.4 3.1 13 1.0
Table 3: 18h meal evaporation
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Appendix 4 Reprints ofpublished papers
Enclosed: Russell K., Craig, I. D., Rawlings, J. M., Millward, D. J. & Harper, E. J.
(2001). The use of PABA and chromic oxide to confirm complete excreta collection 
in a carnivore, Felis silvestris catus. Comparative Biochemistry and Physiology 130, 
339-345.
Enclosed: Russell, K., Lobley, G. E., Rawlings, J., Millward, D. J. & Harper, E. J. 
(2000). Urea kinetics of a carnivore, Felis silvestris catus. British Journal o f  Nutrition 
84, 597-604.
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Appendix 5 Comparison o f  methods available to measure urinary N
This study was undertaken as part of the nitrogen balance validation, and is described 
in section 2.5.
Methods
Random urine samples were obtained and analysed for total N by 3 different methods: 
Dumas, Kjeldahl, chemiluminescence.
Results
Sample Dumas Kjeldahl Chemilum- Within
inescence sample 
standard 
deviation
1 1.7 2.14 1.66 0.27
2 2.6 3.06 2.65 0.25
3 3.7 4.1 3.82 0.21
4 2.7 2.86 3.4 0.37
5 3.2 3.43 3.13 0.16
6 3 2.88 3.2 0.16
7 3.3 4.04 3.93 0.40
8 3.5 3.95 3.76 0.23
9 0.9 1.02 1.04 0.08
10 2.7 3.49 3.25 0.41
11 2.9 3.49 3.34 0.31
12 3 3.73 3.5 0.37
13 3 3.91 3.7 0.48
14 3.1 3.77 3.13 0.38
15 1.3 1.7 1.4 0.21
16 0.6 0.74 0.68 0.07
17 0.8 0.96 0.85 0.08
18 0.8 0.88 0.82 0.04
Mean 2.38 2.79 2.63
SE 0.25 0.29 0.28
Table 1 : Total urinary N, g/1 OOg.
Conclusions
Total mean N in these cat urine samples was 2.38 (Dumas), 2.63 (chemiluminescence) 
and 2.79 (Kjeldahl) g/1 OOg.
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Appendix 6 Guidelines for conducting accurate N  balance studies at WALTHAM.
General information for nitrogen balance studies
1. The diet must be homogenous (e.g. a single batch of product) and requires analysis 
for proximates. Total N of food, urine and faeces should be analysed by Dumas 
not Kjeldahl since the latter does not measure inorganic N.
2. A prefeed of 2 weeks is required to stabilise the animal’s metabolism to the diet. 
Insufficient prefeed will result in an animal that is not in a “steady state” and will 
produce erroneous results.
3. Data should be collected for 2 weeks to smooth out any day to day fluctuations in 
metabolism.
4. Animals must be housed singly in accommodation equipped for collecting urine.
5. Socialisation must be strictly supervised to prevent loss of urine samples.
Collecting food intake data for nitrogen balance studies
1. All food should be weighed in and out on a balance accurate to at least two 
decimal places.
2. Food should be continuously available (cats) or frequently offered (dogs) to 
prevent gross changes in metabolic state.
3. No other food or treats should be available throughout the study.
4. Record the weight of the bowl. Tare the balance and add food to the bowl.
Record exactly how much food has been offered. When weighing out, subtract the 
bowl weight from the total weight of uneaten food/bowl. Record the “food 
refused” accurately -  all done on accurate balance.
5. A control for evaporation from an equivalent bowl of each diet must be made for 
every meal, every day, and subtracted from all apparent food intakes. This can be 
calculated by leaving an extra bowl of food in an empty cage.
6 . It is important to be completely accurate in weighing in and out. Take care filling 
bowls and transporting them. Any spilled food (e.g. on scales, floor of cage, 
trolley) means the bowl must be reweighed prior to offering to the animal.
7. Any food that the animal spills during the course of the meal should be collected 
up and included in the weigh out.
Collecting urine for nitrogen balance studies
1 . All urine should be weighed in and out on a balance accurate to at least two 
decimal places.
2. Use animals trained to urinate appropriately, and ensure everyone knows the 
importance of not losing any samples.
3. Check lodges/cages very thoroughly every day to detect inappropriate urination. 
This means lifting boxes, beds etc and looking on shelves.
4. Urine is collected onto 5M hydrochloric acid (HC1). This is the best preservative 
to prevent degradation of N by bacteria, and allows accurate quantitation (unlike 
thymol).
5. Take a clean bottle and weigh it (accurate balance) recording the weight of “empty 
bottle”.
161
6 . Add about 5mls 5M HC1. Do not reweigh.
7. Label bottle with animal ID as you put it under the cage. This prevents mistakes 
later.
8 . 24 hours later the bottles need changing. Remove bottle and weigh it (accurate 
balance) and its contents, recording weight of “bottle + acid + urine”.
9. Stopper bottle. Invert bottle to mix thoroughly. Label 2 universals with: animal 
ID, trial number, date. Fill them only 75% full -  the urine expands as it freezes, 
and place in a freezer.
10. Choice of accommodation will depend on species. Use teflon litter trays to 
maximise urine recovery from cats. Consider regular rinsing of surface of tray/pen 
to recover urine before it evaporates.
11. If urine is found on the floor, make a very clear record in the trial book.
Collecting faeces for nitrogen balance studies
1. All faeces should be weighed in and out on a balance accurate to at least two 
decimal places.
2. Faeces starts to degrade as soon as it is excreted. This means that immediately 
upon defecation the faeces must be collected and frozen. Practically, this means 
checking all cages for faeces every 1 - 2  hours, and certainly first thing in the 
morning and last thing in the afternoon.
3. Record every faeces score in the trial book.
4. Take the bottom half of a petri dish and weigh it (accurate balance), recording the 
weight (“weight of petri dish”).
5. Place the faeces in the petri dish and weigh it again (accurate balance) and record 
(“petri dish + faeces”). Label the petri dish with: trial number, animal id, date and 
time of collection. Label two dishes A and B if it won’t all fit into one. Place the 
petri dish in the freezer immediately (no lid).
6 . After freezing for 48 hours, samples should be freeze dried, ground, then freeze 
dried again prior to analysis.
7. Faeces samples are more easily collected than urine, the only inaccuracies arising 
if the quality is very poor. If this happens, make every effort to scrape up all 
residues and make a note in the unit book. Dogs with coprophagic habits are not 
suitable for nitrogen balance, nor are any animals with regular poor faeces quality.
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Appendix  7 Principles o f  mass spectrometry
A mass spectrometer (MS) was used for N 15/N14 isotope ratio analysis of both urea 
kinetics (chapter 3) and protein turnover (chapter 4) studies. Two types of 
instruments were used for these studies: an isotope ratio (IRMS) (SIRA 12, VG 
Isogas, Middlewich, Cheshire, UK) and a continuous flow-IRMS (Tracermass 20/20, 
Europa Scientific, Crewe, UK), fitted with a combustion preparation system 
(Roboprep CN) although both use similar principles. The MS first ionises the target 
molecule, separates the ions produced according to their mass to charge ratio then 
measures the ratio of the intensity of the ions of interest; in this case m/e 28,29 and 
30.
N atoms exist in two isotopic forms; 14N and 15N. These are both present in nature 
although the natural abundance of 15N is low, approximately 0.36%. Following 
administration of a dose of a 15N labelled compound, measuring the relative 
proportion of the two isotopes (e.g. in urine) provides information that can be used to 
trace the activity of metabolic pathways. The MS measures the ratio between the two 
isotopes, and is capable of detecting difference at the level +/- 0.00 lAt%.
IRMS
The IRMS is a very sensitive instrument well suited to the determination of isotope 
ratios in samples of low enrichment, although such sensitivity demands a relatively 
large sample size (between 100 -500 pgN per analysis). This is ideal for studies of 
15N in urine, but contrasts with the use of gas chromatography mass spectrometry 
(GC/MS) which requires much smaller sample sizes but demands high levels of 
enrichment.
Prior to analysis the molecule of interest must be extracted from the sample and 
converted to N2 gas. Extraction is necessary if the N-containing molecule of interest 
forms only a part of total N in the sample (e.g. urinary urea, urinary ammonia), 
whereas this step may be omitted if the total N is of interest.
Extraction was achieved by ion exchange chromatography, using cation exchange 
resins to selectively bind urea or ammonia from urine. Ion exchange chromatography 
separates molecules based on charge. The negatively charged resin (AG50W-X8, 
Bio-Rad Laboratories, Hercules, CA) is prepared with a suitable counter-ion (positive 
charge). The urea or ammonia replaces the counter-ion due to greater selectivity for 
the resin. The molecule is then eluted, following washing, by altering pH or 
introducing ions with greater selectivity for the resin than the molecule of interest.
Hypobromite oxidation is commonly used to liberate N2 gas from urea and ammonia 
with which it reacts uniquely due to spatial considerations. The reaction of 
hypobromite on urea is monomolecular under dilute conditions therefore samples for 
urea N 15 were diluted by the addition of N-free deionised water and evacuated to 
remove atmospheric air. Samples for ammonia N 15 did not require this step. The 
sample was frozen prior to the addition of lithium hypobromite (LiOBr) solution (thus 
preventing immediate reaction and loss of N2). After the addition of the LiOBr the
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reaction tube was evacuated again to remove atmospheric air. The sample was 
incubated at 60°C to allow the conversion of ammonia-N or urea-N to gaseous N2 . 
Prior to analysis the samples were taken from the incubator and frozen (to solidify the 
liquid component) before opening the tube to the MS inlet. A final liquid nitrogen 
trap removed residual water from the samples prior to admitting the sample gas to the 
IRMS for analysis.
The dual inlet IRMS (SIRA 12) allows the sample and reference (Oi-free N2) gasses to 
be alternately admitted to the analyser via a changeover valve. This is done under a 
constant pressure to reduce the effects of gas fractionation, an inevitable consequence 
of moving a gas. On entering the “source” of the mass spectrometer (which is 
maintained at a high vacuum) the gas is bombarded by electrons, produced by a heated 
wire coil which produces singly positively charged ions. The ions travel through a 
magnetic field under the influence of an accelerating voltage (around 4000V), causing 
the ions to disperse according to their mass/charge (m/z) (28N, 29N, 30N). Neutral and 
negatively charged ions are not accelerated and are removed continuously by vacuum 
pump. Since they are all singly positively charged ions, dispersal of the remaining ions 
is due to their mass. The ions are deflected into 3 Faraday cup collectors, with the 
lightest ion being deflected the most. From the number of ions being collected in each 
Faraday cup, a ratio of intensity of 29N:28N and 30N:28N is produced and a delta unit 
calculated. The delta unit is a useful way of quantifying very small enrichments and 
refers the sample enrichment to the standard:
ratio reference gas -  ratio sample gas * 1 0 0 0  
ratio reference gas
which is then converted into atom% (number of 15N atoms/total number of N 
atoms)* 100. Atom % excess then refers to the difference between this sample atom% 
and the baseline value (e.g. pre-treatment baseline, atmospheric, reference gas).
Calculation of the enrichment of sample gasses is possible because the isotopic 
enrichment of the reference gas is known, having been measured previously against an 
international standard of known isotopic content. In the SIRA 12 the reference gas is 
measured alternately with the sample gas and comparison of sample enrichment with 
the reference value on each side corrects for drift during the run.
Leaks produced during sample preparation could cause inaccuracies in measurement 
and are checked for prior to each run by setting the machine to detect mass 40 (argon). 
If present above a predetermined baseline value, this peak indicates contamination by 
atmospheric air.
Combustion-continuous flow IRMS
This technique was used to measure the enrichment of total N in faeces for both urea 
kinetics and protein turnover studies. In principle the machine is similar to the SIRA 
(above), differing only in the inlet. The inlet for the Tracermass allows the direct 
(Dumas) combustion of the sample, incorporating columns that progressively remove 
gasses produced by combustion of the sample until only N2 is left.
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A very small amount (2-4mg) of freeze-dried faeces placed in a tin cup was admitted 
to the Roboprep CN. The faeces was flash-combusted and the resultant gases passed 
through a quartz combustion tube containing copper oxide/chromium tri-oxide/silver 
at 1000 °C to produce carbon dioxide, nitrogen, water and nitrogen oxides. The 
nitrogen oxides were reduced to nitrogen by passing the gasses through a quartz tube 
containing copper at 600°C. The remaining gasses then passed through a magnesium 
perchlorate column (to remove water) and finally a sodium hydroxide column (to 
remove carbon dioxide) leaving pure N2 to pass into the MS source. The N2 gas was 
then subjected to ionisation and analysis as above, comparing the ratio of mass 29/28 
and 30/28 to a reference urea preparation of known enrichment.
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Appendix 8 Investigation o f feline urinary urease inhibitors 
Introduction
Urease is a common microbial enzyme, being present in over 200 species of bacteria, 
both gram negative and gram positive types, aerobes and anaerobes (McLean et al., 
1988; Mobley and Hausinger, 1989; Collins and D'Orazio, 1993). Urease assists in 
microbial N economy, converting the ubiquitous urea into a preferred N source, 
ammonia, and is implicated in the pathogenesis of several diseases. The formation of 
two moles ammonia for each mole urea rapidly increases pH in the surrounding 
environment, and the combination of toxic ammonia and high pH can be damaging to 
the host tissues (Bume and Chen, 2000). Helicobacter pylori relies on its urease 
activity for gastrointestinal colonisation, and represents a risk factor for 
gastrointestinal cancers. Microbial ureases are also implicated in urinary tract 
infections, where the increase in urinaiy pH can result in the precipitation of normally 
soluble polyvalent cations and anions leading to the formation of urinary stones. The 
stones then form a focus for the infection and such stones can result in urethral 
blockage and even death. The importance of ureolytic bacteria for stone formation 
was demonstrated when treatment in vitro of human urine with non-ureolytic bacteria, 
or addition of a urease inhibitor to ureolytic species, did not result in stone formation 
(Griffith et al., 1976). The presence of naturally occuring urease inhibitors in cat 
urine may contribute to the fact that, despite the prevalence of lower urinary tract 
disease, most uroliths in cats are found to be sterile (Kruger et al., 1991). This is not 
the case in other species including human and dog (Osborne et al., 1999) that 
apparently do not have efficient urinary urease inhibitors.
Method
Urinary urease inhibitor activity in cat urine was investigated by incubating urine with 
jackbean urease and measuring ammonia liberation. Cat urine, previously collected 
onto 5mls 5M HC1 and frozen, was defrosted and the pH measured to be <1.
Urinary NH4 was first removed by a method published previously (Read et al., 1982). 
A strong cation exchange resin (AG50W X8  resin, 100-200 mesh H+ form, Bio-Rad 
Laboratories, Hercules, CA) was converted to the less strong Na-K form. One 
hundred grams of resin in the H 1" form was stirred for 15 minutes with each of three 
600ml batches of 0.1 M NaOH, then washed to neutrality with deionised water. The 
resin was then stirred for 15 minutes with each of three 600ml batches of 0.2M 
sodium potassium phosphate buffer (27.2g KH2PO4 in deionised water, pH adjusted to 
7.4 with 40%w/v NaOH, and made up to 1000ml) and again washed to neutrality.
The resin was then made up to 400g with deionised water and stored at 4°C. Two mis 
NaK resin suspension was pipetted into a polyprep column (Bio-Rad Laboratories, 
Hercules, CA), allowed to settle and the supematent removed. The resin was washed 
by mixing with 2ml HPLC-grade water and the supematent again removed. Urine 
(maximum SOOpgN from NH4) was added to the column dropwise (so as not to disturb 
the resin bed), and the plastic column tip removed. The urine that dripped through the 
column was collected, found to be free of NH4 (as measured using Orion 95-12
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ammonia gas sensing electrode (Orion Research Inc, Beverly, MA) after increasing 
pH to >pH9), and similar in urea content (Sigma BUN kit 535B based on diacyl 
monoxime method, Sigma Aldrich Co, Gillingham, UK) to untreated samples.
This NBU-free urine was then pretreated in an attempt to remove urease inhibitor 
activity, to remove either heavy metals (chelex pretreatment) or anions (AGI resin 
treatment).
• Chelex treatment The pH was increased by the addition of 1M KOH, and added 
to a column containing a chelating ion exchange resin (Chelex 100 resin, Na+ 
form, 50-100 mesh, Bio-Rad Laboratories, Hercules, CA) that had been prepared 
by adding 7ml of the dry resin and washing with 20ml HPLC-grade water. The 
chelex resin would be expected to retain any heavy metal ions. The urine was 
allowed to drain through and rinsed through with 2ml HPLC-grade water.
• Anion exchange treatment The urine was added to a strong anion exchange resin 
(AGI X8  resin, OH' form, 20-50 mesh, Bio-Rad Laboratories, Hercules, CA), 
prepared by adding 7ml dry resin to the column and washing with 20ml HPLC- 
grade water. The anion resin would be expected to retain any anions. The urine 
was allowed to drain through and rinsed through with 2ml HPLC water.
The effectiveness of these two pre-treatments was compared against non-pre-treated, 
NLLrfree urine (negative control) and against urea derived from each urine sample as 
follows (positive control). Urea was extracted from untreated urine by extraction from 
the urine matrix on AG50W X8  resin, 100-200 mesh, H+ form (Bio-Rad Laboratories, 
Hercules, CA), prepared by mixing 10g of the dry resin with 30g HPLC-grade water 
and pipetting 5mls into a polyprep column. The resin was allowed to settle, drained, 
and washed with 5mls HPLC-grade water. That amount of urine that contained 
250pmol urea was added to the column, allowed to drain through and washed with a 
further 5ml HPLC-grade water. The urea, now bound to the resin, was eluted using 
55mls HPLC-grade water. This is the standard method that was employed from the 
urea kinetics method (section 3.6.3.3) and used to extract urea for the protein turnover 
study (section 4.6.3.3).
Following treatment the urine or urea was adjusted to pH 5.5-7.5 with dilute 
Na0 H/H2S0 4  and that amount containing 500pgN from urea added to 170pl (6.7 units) 
urease solution (prepared 25mg urease (type III from jackbean, Sigma Aldrich Co, 
Gillingham, UK) in 10ml of sodium phosphate buffer (4.333g NagHPO^ 2.689g 
NaHjPO* pH 7 and made up to 250nü in HPLC water)) in a universal. The universal was 
placed on a mechanical roller at room temperature for 2 h, then the reaction stopped 
immediately by decreasing the pH to <pH4 by the addition of 2M H2S04. Two mis NaK 
resin suspension was pipetted into a polyprep column (Bio-Rad Laboratories,
Hercules, CA), allowed to settle and the supematent removed. The resin was washed 
by mixing with 2ml HPLC-grade water and the supematent again removed. The 
incubated urine/urease mixture was added to the column dropwise and allowed to 
drain through. The resin was washed with 3ml HPLC-grade water, and washings 
again discarded. Elution of the bound N H / was effected by the addition of 1ml 1M
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KOH followed by 1ml HPLC-grade water into a tube containing lOOjil 2M H2SOj, and 
20jil of BPB (1% bromphenol blue (Sigma Aldrich Co, Gillingham, UK) indicator in 
water) solution. Stability of the eluate was confirmed by yellow colouring of the 
indicator (acidic).
Ammonia recovery was measured using the Orion 95-12 ammonia gas sensing 
electrode after increasing pH to >pH9, and related back to the expected yield from 
SOOpg urea-N.
R e s u l t s
Two urine samples known to contain urease inhibitor activity were assessed by chelex 
pre-treatment (Table 1) and two by anion exchange (Table 2).
Recovery % Negative control (no Positive control 
pre-treatment) (urea extracted)
Test
(chelex pretreated)
C a ll 24 3  86.0 17.5
Cat 2 26.3 92.3 13.6
Table 1: Results of chelex pre-treatment.
Recovery % Negative control (no Positive control Test
pre-treatment) (urea extracted) (anion pretreated)
Cat 3 6.5 86.4 26.1
Cat A 23.8 81.3 11.9
Table 2: Results of anion pre-treatment
Conclusions
Urease is a surprisingly complex enzyme often consisting of several subunits 
(although jackbean urease is monomeric), and requires nickel for activity. Reported 
inhibitors include acetohydroxamic acid (AHA) (Griffith et al., 1976), 
phosphorodiamides, phosphorotriamides and heavy metals. Since ammonia liberation 
from urease treated urine was not improved by pre-extraction on the above resins, the 
urease inhibitor is unlikely to be due to heavy metal or anions, and its identity is still a 
mystery.
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Appendix 9 Protein turnover results (individual data)
Diet cat
Cat
excluded
from
results
1 2 3 4* 5
MP BW (kg) 6.1 4.1 4.3 6.1 5.0 3.2
Q ammonia (mmolN/24h) 384.7 151.1 252.2 428.4 264.3 153.4
Q urea (mmolN/24h) 432.3 178.3 256.5 424.7 362.6 143.3
Q average (mmolN/24h) 408.5 164.7 254.3 426.6 313.5 148.4
I (mmolN/24h) 115.6 16.6 34.7 128.5 73.4 27.8
E (mmolN/24h) 125.5 53.0 60.9 146.7 82.8 61.2
Z (mmolN/24h) 283.0 111.7 193.4 279.9 230.7 87.2
B (mmolN/24h) 292.9 148.1 219.6 298.1 240.0 120.6
N balance (mmolN/24h) -21.0 -43.2 -34.1 -32.5 -25.3 -35.8
BW change (g24h) -83.0 -42.5 -13.5 29.5 8.0 32.0
protein synthesised g/d 24.8 9.8 16.9 24.5 20.2 7.6
protein synthesised 
g/kgBW/d
4.1 2.4 4.0 4.0 4.0 2.4
protein synthesised 
g/kgBW°'75/d
6.4 3.4 5.7 6.3 6.0 3.2
protein breakdown g/d 25.6 13.0 19.2 26.1 21.0 10.6
protein breakdown 
g/kgBW/d
4.2 3.1 4.5 4.2 4.2 3.3
protein breakdown 
g/kgBW°-75/d
6.6 4.5 6.5 6.7 6.3 4.4
HP BW (kg) 6.1 4.2 4.5 6.4 5.2 3.6
Q ammonia (mmolN/24h) 276.6 576.0 419.8 942.3 563.0 466.8
Q urea (mmolN/24h) 489.8 764.8 734.2 1002.6 754.2 697.8
Q average (mmolN/24h) 383.2 670.4 577.0 972.5 658.6 582.3
I (mmolN/24h) 376.3 240.8 302.8 574.7 291.9 348.4
E (mmolN/24h) 214.6 191.4 325.0 513.1 270.5 366.2
Z (mmolN/24h) 168.6 479.0 252.0 459.4 388.1 216.1
B (mmolN/24h) 6.9 429.6 274.2 397.7 366.7 233.9
N balance (mmolN/24h) 137.3 51.4 -53.2 36.8 -13.7 -45.2
BW change (g24h) 55.0 33.5 -53.0 35.0 -60.5 44.5
protein synthesised g/d 14.8 41.9 22.0 40.2 34.0 18.9
protein synthesised 
g/kgBW/d
2.4 9.9 4.9 6.3 6.5 5.3
protein synthesised 
g/kgBW°'75/d
3.8 14.2 7.1 10.0 9.9 7.2
protein breakdown g/d 0.6 37.6 24.0 34.8 32.1 20.5
protein breakdown 
g/kgBW/d
0.1 8.9 5.3 5.5 6.2 5.7
protein breakdown 
g/kgBW°'75/d
0.2 12.8 7.7 8.7 9.3 7.8
* cat 4 provided only 24h urine sample on MP diet
One cat was excluded from the results, as discussed in section 4.6.
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